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The Gulf of Maine hosts the southernmost remaining population of North American Atlantic salmon. Despite extensive hatchery supplementation
since the late 1800s, and more recent riverine habitat restoration efforts and fishing restrictions, US-origin Atlantic salmon populations continue
to decline and have remained at low abundance over recent decades. Climate change has been identified as a critical threat to the future of US
Atlantic salmon. In this study, we synthesized available information on how habitats used by Atlantic salmon across all their life stages will be
affected by climate change as well as the suitability of future conditions for salmon'’s persistence in the region. Maintaining sufficient cool water
refugia during increasing summer temperatures in riverine habitats is required for sustaining salmon in the future. Changes in groundwater
guantity and temperature, which will depend on future precipitation and temperature, will be critical factors for river temperatures, as will land
use and land cover. While Atlantic salmon'’s freshwater life stages are heavily documented, the marine phase is relatively less studied. Climate
models predict basin-scale changes over the next century, but impacts to salmon are difficult to predict. Furthermore, disparate drivers and
differential rates of change between freshwater and marine habitats could present an obstacle to the transition between phases in the future.
We have a general understanding of migration patterns and prey preferences but lack a clear picture of how salmon respond to habitat and
ecosystem-level changes associated with climate change progression. More research to understand freshwater habitat changes and salmon’s
marine spatiotemporal distribution responses will enhance capacities to evaluate future risks and predict impacts of climate change to US-origin

Atlantic salmon.

Keywords: Atlantic salmon, climate change, climate projections, Maine, salmon, streamflow.

Introduction

Atlantic salmon (Salmo salar) in the United States once oc-
cupied streams as far south as the Hudson River, New York
(Danie et al., 1984), and north to the Canadian border. De-
clines have been most dramatic at the southern boundary
of Atlantic salmon’s distribution (Gephard and McMenemy,
2004; Juanes et al., 2004), and today salmon persist in just
eight of Maine’s 34 historic Atlantic salmon rivers (Beland,
1984; USASAC, 2021a). In 2000, the remnant United States
population of Atlantic salmon in the Gulf of Maine (GOM)
was identified as the GOM Distinct Population Segment (DPS)
and declared “endangered” under the Endangered Species Act
(Ginbar, 2009). In 2009, the listing was revisited, and the geo-
graphical range of the GOM DPS was redefined (Federal Reg-
ister, 2009). The new listing covers all naturally spawned and
conservation hatchery populations of anadromous Atlantic
salmon whose freshwater range occurs in the watersheds from
the Androscoggin River north and east along the Maine coast
to the Dennys River, including those that were already listed
in 2000 (Figure 1). Hereafter, we will refer to the GOM DPS
Atlantic salmon as “salmon.”

US Atlantic salmon’s declining abundances and shifting
distributions have been caused by several factors, including

damming of rivers, pollution, fishing pressure, warming wa-
ter temperatures, ecosystem changes, and reduced marine sur-
vival and productivity (Mills et al., 2013; Borggaard et al.,
2019). Hare et al. (2016) concluded that Atlantic salmon is
among the most vulnerable managed fish species to climate
change on the Northeast US continental shelf. In response,
in 2017, the National Oceanic and Atmospheric Administra-
tion’s (NOAA) National Marine Fisheries Service hosted an
Atlantic Salmon Climate Scenario Planning Workshop where
key considerations in developing effective management for At-
lantic salmon under climate change progression were identi-
fied (Borggaard et al.,2019). This paper addresses one recom-
mendation from that workshop by bringing together estab-
lished knowledge of salmon habitat and climate projections to
infer how habitat suitability for US salmon populations may
or may not change in the future.

Life cycle overview

Atlantic salmon have a complicated life history that includes
critical transitions between distinct freshwater and marine en-
vironments and vast migrations, both within freshwater from
headwaters to river mouths and in the ocean from nearshore
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Figure 1. Historical US Atlantic salmon rivers. The GOM watershed (green shading) hosts the only remaining US-origin Atlantic salmon. Three individual
rivers containing stocks of US-origin Atlantic salmon are identified: (1) Narraguagus River, (2) Penobscot River, and (3) Sheepscot River.

to high seas feeding areas (Figure 2). Life stage duration, tran-
sitions, and survival are all contingent on numerous habi-
tat variables and seasonalities. Here, we summarize the At-
lantic salmon life history and underscore associations with
specific habitat features and times of year. The following
summary is drawn from Thorstad (2011), unless otherwise
noted.

Anadromous Atlantic salmon spend a significant portion
of their life at sea, feeding and growing, before returning to
streams to spawn from May through October. Salmon migrate
upstream to find suitable spawning habitat. Following a rest-
ing period, the digging of gravel nests—called redds—by fe-
males in well-oxygenated moving waters is triggered by a com-
bination of photoperiod and temperature. This typically oc-
curs during October and November (USASAC, 2021b), when
temperatures reach a critical threshold where egg survival
is optimal. The timing of ovulation is dictated by seasonal
changes in photoperiod and therefore less likely to change
with climate change progression (Scott, 1990). Eggs are de-
posited and immediately fertilized by males. Yolk-sac-feeding
salmon, called alevin, hatch in spring after approaching the
critical threshold of accumulated thermal units (ATU) neces-
sary for embryo development. In Maine, eggs are known to
hatch from April to early May (Danie et al., 1984). For a
three- to eight-week period, alevin live in the gravel, hiding
from predators and living on their yolk sac reserves. During
this period, the young salmon transition to first-feeding fry
as the yolk sac is used up. This transition period is a critical
period during which fry need appropriate and sufficient food
(Hjort, 1914; Cushing, 1990). Fry quickly develop into parr
with dark, vertical bands on their bodies to disguise them-
selves from predation in the freshwater environment. Most
US-origin salmon parr will stay in freshwater for two years,

with a small proportion staying for only one year or greater
than two years (Fay et al., 2006). A few males termed “pre-
cocious parr” will mature early and stay in freshwater their
entire lives (Letcher et al., 2002).

At the end of this freshwater growth, parr smoltify over
a one- to two-month period (Hoar, 1976). During smoltifica-
tion, salmon undergo a series of physiological, morphological,
and behavioural changes to prepare them for surviving the
marine environment (McCormick and Saunders, 1987; Mc-
Cormick et al., 1998). As smolts enter the marine environment
during May and June, they are referred to as post-smolts, and
they endure a series of challenges, including osmotic stress,
new prey sources, and new predators, including seals and
larger fish (Baum, 1997; Beland et al., 2001; Jonsson and Jons-
son, 2004). Morphological changes include body colouration
and shape to camouflage and navigate the marine environ-
ment (Mccormick et al., 1998; Kocik and Friedland, 2002;
Saunders et al., 2006). Physiological changes most notably in-
clude olfactory senses, vision, and osmoregulatory function to
handle the quick (two to three week) transition to saltwater
(Mccormick et al., 1998; Saunders et al., 2006). Smoltification
is catalyzed by a variety of environmental cues, including pho-
toperiod, stream temperature, and water flow (McCormick
and Saunders, 1987; Metcalfe and Thorpe, 1990; Mccormick
et al., 1998). The “decision” to smolt is made several months
in advance and is typically accompanied by increased feed-
ing to fuel the metabolic costs of smoltification (Metcalfe and
Thorpe, 1990). Warming temperatures are known to affect
smoltification timing as well as the relative impact of other
environmental cues for smoltification. Laboratory studies in-
dicate that warming mean daily temperatures from 2 to 10°C
can advance smolting by up to a month (McCormick et al.,
1999). Conversely, low temperatures (<3°C) restrict the effect

€202 Joquieydas | uo Josn 3T0H SAOOM OS43N Aq $€9Z.Z2/.2Z ) PeSYSWISa01/E60 L 0 L/10p/9[oilE-99UBADPE/SWISSY/W00"dNo-olwapese//:sdny Wolj papeojumoq



US Atlantic salmon habitat today and tomorrow

Egg Incubation, Juvenile P 3
Sheltering (Nov. - April @ ]
Emergence, Feeding, Growth,
Juvenile Emigration (April - June)
Juvenile Movement (June - Sept.)
Adult Spawning (Oct. - Dec.)

United States *

Adult Immigration
‘p(:/ (May - Oct)
)

Post-Smolt Summer
Feeding Area
(July - Oct.)

e

Post-Smolt and Multi-Sea-Winter (MSW)
Salmon Wintering Area (Nov. - April)

——J» Outgoing Migration

- ) Return Migration

Figure 2. Overview of US-origin Atlantic salmon location and timing of various life stages and their marine migration. Figure from NOAA Fisheries and

modified by Borggaard et al. (2019).

of photoperiod as a cue for smolting (Fry, 1971; McCormick
et al., 1995).

Salmon spend one to three years at sea growing. On average
(2001-2020),~25% of US-origin salmon return to rivers after
one winter at sea (1SW), 74% return after two winters (2SW),
and 1% remain at sea for three winters (USASAC, 2021Db).
1SW salmon are termed “grilse,” while 2SW+- are referred to
as “multi-sea winter” (MSW). The grilse returning to US wa-
ters are almost exclusively male, whereas the male/female ra-
tio increases in higher latitudes (Hutchings and Jones, 1998).
Likewise, the proportion of grilse in the returning population
also increases at higher latitudes (Hutchings and Jones, 1998).
Throughout the marine phase, salmon feed on a variety of
prey, including sandlance, capelin, and zooplankton (Thorstad
et al., 2012). During the first year at sea, post-smolts move
along the Scotian shelf to summer in the southern part of the
Labrador Sea (Figures 2 and 3). In winter, these post-smolts
are thought to migrate south to the Grand Banks and south-
ern Labrador Sea, where they join MSW salmon that spent the
summer feeding along the West Greenland coast. After over-
wintering in this area, the MSW salmon are assumed to con-
tinue their migration south to their natal river prior to spawn.
The post-smolts will either return to their natal rivers as 1SW
fish or will migrate north to the coast of Greenland to spend
the summer feeding, eventually migrating back to the over-
wintering areas and joining the next cohort of post-smolts.

When salmon migrate back to freshwater, they return to
natal rivers with astonishing accuracy (Stabell, 1984). It is
generally accepted that salmon use sequential imprinting dur-
ing their seaward migrations to establish homing patterns for
their eventual return (Harden Jones, 1968; Jonsson et al.,
1990). Salmon’s homeward migration is thought of in two
phases: (1) at sea and (2) near and within rivers (Stabell,
1984). In the second navigational phase, salmon navigate pri-

marily based on olfactory signatures that are imprinted dur-
ing river egress as young smolts (Stabell, 1984; Jonsson et
al., 1990). Hatchery-reared, smolt-released salmon will re-
turn to the rivers in which they were released—not the river
from which they genetically originated (Jonsson et al., 1990).
Spawning site fidelity strengthens local adaptations to river
habitats. However, genetic diversity within riverine metapopu-
lations is bolstered when a few returning smolts stray to rivers
other than their origin (Rieman and Dunham, 2000).

Unlike Pacific salmon species, which spawn just once be-
fore dying, Atlantic salmon are iteroparous, meaning they can
spawn multiple times in their life. After first spawning, either
in the fall or the following spring, salmon that have survived
return to the sea to recover their energy reserves. Some salmon
return to spawn the following year (consecutive spawners),
while others spend more than one year feeding at sea before
returning (alternate spawners; Klemetsen et al., 2003). Since
1970, repeat spawners have represented just over 1% (on av-
erage) of the US adult salmon returns (Maynard et al., 2018).
The low numbers of repeat spawners are thought to be at-
tributed to low marine survival and dams, which limit migra-
tion and cause mortality in some rivers (Maynard et al., 2018;
April et al., 2021). Females generally comprise a greater pro-
portion of repeat spawners than males (Mills, 1989; Hubley
and Gibson, 2011).

Paper objective

Our goal was to characterize the US GOM DPS Atlantic
salmon habitat across its full range, from headwaters in Maine
to the coast of Greenland, and assess the influence of pro-
jected habitat conditions on the population’s productivity and
persistence over the next century. Well-documented declines
in salmon’s range and survival are linked to habitat changes,
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Figure 3. Map of the Northwest Atlantic with major surface (black arrows) and subsurface (grey arrows) circulation features. \Warmer waters are
coloured light grey, and colder waters are coloured black. The general mixing region between subsurface waters (Labrador Slope Water and Warm Slope

Wiater) is indicated by the dashed line (Figure 3 from Townsend et al. (2015)).

both anthropogenic and natural, and future changes are ex-
pected to continue to alter habitat and impact salmon in
potentially novel ways. In this paper, we document habitat
conditions Atlantic salmon need during different life stages
and characterize how those conditions may change over the
next century based on a literature synthesis, output from cli-
mate models, and expert opinion. We also consulted with
leaders in relevant fields of hydrology, geomorphology, cli-
mate science, oceanography, and Atlantic salmon ecology.
Where available, life stage-specific preferences and tolerances
are compared with habitat projections to make inferences
about future productivity and persistence. Our basis of assess-
ing future scenarios entailed using outputs from an ensemble
of climate models run under “stabilization” (RCP 4.5) and
“business as usual” (RCP 8.5) carbon concentration scenar-
ios in the Coupled Model Intercomparison Project Phase §
(CMIPS).

For this review, we make general statements about regional
physical dynamics. It is important to understand that many
variables, for example, streamflow and temperature, may vary
considerably both between watersheds and within a water-
shed.

Freshwater phase

Atlantic salmon pass through sensitive early life stages in
freshwater, wherein they require life stage-specific habitats.
We focus on two major freshwater habitat variables, stream-
flow and temperature, that influence productivity at multi-
ple freshwater life stages. Past changes and future projections
of streamflow and temperature are more widely studied and
readily available than other freshwater habitat variables, such
as streambed features, dams, water chemistry, and forestation.
While the influence of dams on riverine connectivity has been
well studied (Magilligan et al., 2016; Bellmore et al., 2017),
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and river dams are ubiquitous throughout the Northeast US,
the number of dams removed thus far is small compared to
how many remain. It is reasonable to assume that dams and
other barriers will continue to substantially impact habitat
connectivity over the time frame we consider in this paper.

Streamflow

Streamflow is a major component of Atlantic salmon fresh-
water habitat, which affects salmon directly and indirectly
throughout their freshwater life stages (Table 1). Flow mag-
nitude, sources, and hydraulics influence streambed habitat
characteristics (e.g. streambed sediment mobility that impacts
redd building and cold-water refugia for parr), oxygenation
for developing eggs, and river temperature.

Total streamflow consists of two major components: base-
flow and stormflow (Smakhtin, 2001). Baseflow comes from
wetlands, lakes, and groundwater. These hydrologic storage
basins temporarily hold precipitation from snowmelt and
rainfall events and slowly release it to streams (Hodgkins and
Dudley, 2011). During summer, groundwater-derived base-
flow is generally colder than surface water, and therefore base-
flow moderates warming. Stormflow is water that reaches
a stream rapidly during and shortly after a precipitation
or snowmelt event (Smakhtin, 2001; Hodgkins and Dudley,
2011). Stormflow includes shallow subsurface flow gener-
ated by infiltrated precipitation and overland flow that oc-
curs when falling precipitation exceeds the soil infiltration rate
or saturates the soil completely (Dingman, 1994). Baseflow is
most represented by freshwater climate projections and is gen-
erally the more critical component to salmon life history. As
such, this paper generally focuses on baseflow.

The baseflow component of total streamflow is particularly
important to salmon during the summer season, when water
temperatures warm and relatively cool baseflow provides ther-
mal refugia during peak temperatures (Kurylyk ez al., 2015;
Lombard et al., 2021). Generally, summer baseflow is nega-
tively correlated with stream temperatures because it is sup-
plied by groundwater and is thus cooler than stormflow that
is in contact with seasonally warm air and the land surface.
This relationship is contingent on other factors such as land
use and land cover (e.g. agriculture and forest cover), dams,
and the origin and relative temperature of the baseflow. For
example, a river’s baseflow may have a large component that
is generated from shallow lakes or reservoirs that have sea-
sonally warm water or receive warm stormflow from urban
or agricultural areas.

Streamflow in Maine rivers typically peaks during the
spring season, when snowpack melts, water tables and soil
moisture are high, and precipitation increasingly falls as rain.
Streamflow during this period consists of a greater ratio of
stormflow to baseflow relative to the other seasons. Through
the summer and into early fall, evapotranspiration increases,
driving low streamflow that is often primarily composed of
storage discharge from riparian aquifers, lakes, wetlands, and
dam impoundments (Dudley et al., 2020). Moving into late
fall, evapotranspiration declines with cooling temperatures
and plant senescence, and streamflow increases from the min-
ima of late summer and early fall. High streamflow can occur
during the winter if temperatures warm, causing snow to melt
and precipitation to fall as rain as during the spring. In the
absence of snow cover, high streamflow can also be generated

in the winter and early spring by rain falling on frozen or sat-
urated soil (Collins et al., 2014).

Present streamflow conditions

Since the mid-20th century, the northeastern US has expe-
rienced generally increasing annual streamflow with some
season- and region-specific differences. Across the GOM DPS,
winter and fall baseflow and stormflow increased from 1980
through 2010 (Ficklin et al., 2016), whereas summer base-
flows decreased (Hodgkins and Dudley, 2011). Annual 7-d
low flows increased across New England but not in eastern
Maine (Dudley et al., 2020).

Streamflow seasonality also shifted over the last century.
With annual warming trends in air temperature, the timing of
spring warming on land advanced (Ellwood et al., 2013). Ear-
lier warming air temperatures cause earlier snowmelt runoff, a
major seasonal contribution to streamflow that causes earlier
winter-spring streamflow maxima throughout New England
(Hodgkins and Dudley, 2006; Dudley et al., 2017; Dupigny-
Giroux et al., 2018). Earlier winter-spring high streamflow
could cause streambed scour that decreases the survival of
eggs and sensitive early life stages present at that time of year
(Figure 4; Goode et al., 2013). The incidence of high flow
events during the warm season (June—October) since the late
20th century (Frei et al., 2015; Collins, 2019) has also in-
creased.

Future streamflow projections

Demaria et al. (2016a) modelled Northeast streamflow con-
ditions under the RCP 4.5 and RCP 8.5 scenarios and con-
cluded that winter streamflow will increase and spring stream-
flow will decrease, while summer and fall streamflow will not
change. Precipitation in the form of rainfall is expected to in-
crease across the Northeast US through the late 21st century
(Thibeault and Seth, 2014). Lynch and Thibeault (2016) pre-
dicted that precipitation increases would be greatest during
the late winter and early spring. Summer precipitation may
also increase (by about 10%), but predictions are less confi-
dent (Easterling et al., 2017). Increased spring and summer
rainfall could partially compensate for the effects of warming
air temperatures and increased evapotranspiration on ground-
water reserves and baseflow. Since groundwater baseflow is es-
sential to thermal refugia during peak summer temperatures,
future changes in rainfall and evapotranspiration could be
particularly important to salmon.

At the individual basin level, predictions for eastern Maine
were more ambiguous. At one station, high-flow events—
driven largely by stormflow—were expected to rise insignif-
icantly, whereas other nearby stations showed non-significant
and significant decreases (Figure 5 in Demaria et al., 2016a).
Meanwhile, low-flow—driven by decreased stormflow and
baseflow—events show insignificant decreases. Insignificant
increases in mean annual baseflows are expected across all
Maine stations.

Potential impacts of streamflow changes

Streamflow affects every aspect of salmon’s freshwater life his-
tory; we cannot cover every streamflow impact in this paper.
This paper focuses on areas that are well covered in the liter-
ature and where future impacts can be reasonably foreseen—
despite still being uncertain. While most hydrological litera-
ture discusses streamflow in annual terms, we need to con-
sider seasonal differences as they pertain to Atlantic salmon’s
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Table 1. Freshwater habitat variables with life stage-specific salmon tolerances, present conditions, future habitat projections, and estimated impacts to

salmon productivity and persistence.

21st century projected

Salmon tolerances and/or

change (CMIPS5) Life stage needs Potential impacts to salmon
Freshwater Streamflow Baseflow (Demaria et al., Egg Sufficient streamflow to Reduced survival
2016a): oxygenate water
Increasing in winter
Decreasing in spring
Summer, fall unchanged
Parr Prefer Potentially reduced
0.6-0.9 m/s stream velocity cold-water refugia and
during high T events increased aggregating
behaviour in summer when
refugia is most scarce,
especially for older parr with
lower thermal tolerance
Other factors: Smolt Spring streamflow cues Earlier smoltification
Earlier spring flow (Demaria smoltification
et al.,2016b)
Spawning Sufficient streamflow to Fall streamflow is not
Adult move sediment and build expected to change.
redds
low confidence—wide range of possible outcomes
Temperature Magnitude: Egg 0-16°C (Elliott, and Elliott, Warmer peak temperatures
Average warming 2010) and later fall cooling could
Hotter peak temperatures be thermally stressful for
developing eggs
Seasonality: Alevin 0-25°C (Elliott and Elliott Metabolic stress could cause
Earlier winter-spring 2010) a smaller body size, lower
warming fitness, lower survival, and
Later fall cooling lower fecundity
Parr 0-28°C (Elliott and Elliott

medium/high confidence

2010)
14-27.5°C for 2+ parr
(Wilbur et al., 2020)

RECEIl

LEDITary

Figure 4. Visual summary of major physiological and habitat changes through the Atlantic salmon life history.

life history. Streamflow changes are most likely to occur in the
winter and spring and less likely to occur in the summer and

fall.

Baseflow provides critical thermal refugia to older parr
(2+ years) and adults during peak summer warming and will

March ‘ April

First sea-winter salmon

Multi sea-winter salmon

ot | towber | oraron |

become increasingly critical to parr and adults with projected
freshwater warming (section “Temperature”). In the fall, to-

tal streamflow is important to spawning adults as they build

redds to lay eggs because redd placement is a function of
stream depth and velocity in relation to appropriate spawning
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Figure 5. Peak annual 5-d mean water temperatures from USGS stream gauges in 3 Maine rivers from 1970 to 2018 USGS gauge numbers are as
follows: Narraguagus = 01022500, Penobscot = 01036390, and Sheepscot = 01038000. Dashed horizontal line drawn at 27°C, the point at which parr

exhibit aggregating behaviour in cool water refugia.

substrate that optimizes egg survival (Beland ez al., 1982). And
for eggs, streamflow is important for oxygen saturation dur-
ing the late fall through spring hatching. Further, streamflow
affects streambed morphology and, subsequently, predation
refugia and the ability to build redds. In spring, changes to
the timing of seasonal snowmelt may affect the timing and fre-
quency of ice scour events. Table 1 summarizes factors driving
streamflow and projections for how streamflow will change
over the next 75 years.

Projected increases to winter average daily streamflow mag-
nitudes are not expected to negatively affect oxygenation for
developing eggs but may impact overall redd stability due
to streambed scour (section “Ice”). If, as predicted, summer
average daily streamflow remains relatively unchanged and
river temperatures continue to warm, parr—particularly older
parr—will increase their dependency on cool baseflow input
for thermal refuge. Furthermore, warmer ambient tempera-
tures will dilute the thermal gradient afforded by cooler base-
flow, thereby reducing effective refugia.

Perhaps most important to salmon, the frequency of low-
magnitude floods in New England increased throughout the
20th century and into the 21st century (Armstrong et al.,
2012) and is projected to continue increasing (Demaria et
al. 2016a). Low-magnitude flooding events affect channel

morphology and sediment transport, which in turn impact
salmon’s streambed habitat in terms of riverbed mobility
and refugia from predation and extreme temperatures. These
smaller flooding events have become more frequent, particu-
larly during the warm season (June—October) (Collins, 2019).
Changes in streamflow could affect upstream migrations in
unpredictable ways, as streamflow during October has been
directly linked to salmon’s ability to access headwaters for
spawning (Cunjak et al., 2013).

Temperature

Atlantic salmon, like all fish, have a range of tolerable temper-
atures but perform best within a preferred temperature range
(Portner and Knust, 2007). Suboptimal temperatures generate
stress and draw metabolic energy from other functions such
as growth and reproduction (Sibly and Atkinson, 1994), while
beyond certain thresholds, ambient temperatures can become
lethal.

River temperatures are influenced by air temperature, solar
irradiation, riparian shading, groundwater inflow, and anthro-
pogenic factors including impoundments, impervious cover,
and withdrawals/releases (Erickson and Stefan, 2000; Tague
et al., 2007; Kaushal e al., 2010; Hodgkins and Dudley,
2011). During summer, an influx of cool groundwater bal-
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(coloured lines and shaded region) under the CMIP5 “stabilization” (RCP 4.5) and “business as usual” (RCP 8.5) carbon concentration scenarios from
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Figure 7. Temperature seasonality (1978-2017) of the Penobscot River, Maine, as estimated from the USGS gauge (01036390). Metrics include the onset
of summer (summer start), the end of summer (summer end), and the duration between the two (summer duration). Summer start and end (on the left
y-axis) are defined as the first and last days of the year on which a threshold of 0.5°C below the maximum summer temperature observed was held or
exceeded for 8 consecutive days. Summer duration (right y-axis) is the difference between the days of the year associated with summer start and end

(Thomas et al., 2017).

ances warming stream temperatures. Localized groundwater
discharge locations generate thermal refugia, which can be
a particularly important factor during the summer months
(Danie et al., 1984; Hodgkins and Dudley, 2011; Lombard
et al., 2021).

When temperatures exceed the tolerable range, salmon al-
ter behaviour to mitigate exposure. As with many fish species,
salmon thermal tolerances also change with age (Portner and
Farrell, 2008; Elliott and Elliott, 2010). In a laboratory study,
older parr reached maximum basal (resting) metabolic rates at
24°C; warmer temperatures generated anaerobic metabolism,
indicating physiological stress (Breau et al., 2011). Conversely,
young parr did not exhibit anaerobic metabolism at the high-

est temperature evaluated (28°C). These age-related metabolic
differences drive differences in behaviour. Juvenile salmon are
known to deviate from normal territorial behaviour to live in
dense aggregations during peak summer temperatures, when
suitable thermal habitat is scarce. Parr in a tributary of the Mi-
ramichi River (New Brunswick, Canada) have been shown to
aggregate in cold water refugia when ambient river tempera-
tures exceed 27°C (Wilbur et al., 2020). Young parr (0+ years)
in the Miramichi River tolerate a wide range of temperatures
and do not aggregate in cold water refuges (Breau et al.,2007).
Adult salmon also thermoregulate by moving to cooler, deeper
waters and aggregating in thermal refugia at a lower threshold
(17-19°C) than parr (Frechette et al., 2018).
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Unusually warm riverine temperatures also have
population-level impacts on salmon. Egg incubation temper-
atures can affect adult migration timing through phenotypic
plasticity. Salmon eggs reared in temperatures 3°C warmer
than normal produced adults that migrated back to Norwe-
gian rivers from feeding grounds in the North Atlantic two
weeks later (Jonsson and Jonsson, 2018). This suggests that
salmon may have pathways to adjust for overall warming
patterns, but this highlights the potential risk of disparate
rates of warming between freshwater and marine habitats.
Spawning females exposed to elevated summer temperatures
produced smaller eggs of lesser quality and subsequently
reduced survival (King et al.,, 2003). Additionally, females
exposed to unseasonably warm temperatures during the
fall took much longer to ovulate—if at all—and their eggs
exhibited much lower survival (Taranger and Hansen, 1993).

Temperature may also affect critical physiological adap-
tations for moving between fresh and saline waters. During
smoltification, gills increase osmoregulatory function to toler-
ate saline waters, and this function declines towards the end of
the seaward migratory period if salmon have not already ex-
ited freshwater. McCormick et al. (1999) found that in rivers
in the southern part of the range, like the Penobscot River,
warm temperatures exacerbate the metabolic costs of ocean
adaptation, resulting in decreased salinity tolerance for late
migrants. This decrease in salinity tolerance occurs earlier in
warm years (McCormick et al., 1999). Decreased osmoreg-
ulatory function in late seaward migrants can subsequently
reduce marine survival (McCormick et al., 2009a).

Historical to present river temperatures

Stream temperatures above freezing are generally modelled
well with a simple linear relationship to air temperature (Pil-
grim et al., 1998; Mohseni and Stefan, 1999; Erickson and
Stefan, ; Morrill et al., 2005), though this relationship may be
complicated by local and regional influences of landuse, dams,
forest cover, and agriculture (Rice and Jastram, 20135). In the
Northeast US, land cover and land use changed considerably
with European settlement and have varied since that time (Ir-
land, 1998; Foster and Hayden, 2004; Thompson et al.,2013).
Regardless, river and stream temperatures have warmed in re-
cent decades, and the warming is correlated with warming
air temperatures (Kaushal et al., 2010). Although available
river temperature records in Maine streams are too short and
sporadic to quantitatively evaluate trends in peak annual 5-d
mean river temperatures, the available data from US Geolog-
ical Survey (USGS) gauges do show exceedances of the 27°C
threshold that is important for salmon (Figure 5). It is impor-
tant to note that the location of gauges along the river with
respect to dams, lakes, shade, and land use may influence the
temperature measurements.

Future river temperature projections

Stream and air temperatures collected at a site on the Penob-
scot River (USGS 01036390) were modelled using a general-
ized additive model (R? = 0.883). The model was projected
forward to 2100 using air temperature outputs from an en-
semble of climate models run under “stabilization” (RCP 4.5)
and “business as usual” (RCP 8.5) carbon concentration sce-
narios in the CMIPS. Annual mean temperatures in the Penob-
scot River are expected to warm an additional 2-4°C by 2100
(Figure 6). Perhaps more critical to salmon, summer tem-
peratures are expected to warm by about 3-7°C under RCP

4.5 and 8.5, respectively, a disproportionately greater amount
than other seasons.

Along with this continued warming, the Northeast US is
projected to experience earlier snowmelt runoff, increases in
evaporation, increased low flow magnitude, and no signifi-
cant changes to summer baseflow in the future (Demaria et al.,
2016a; Easterling et al., 2017). The exact combined impact of
these projections with reference to salmon is difficult to parse,
but the general pattern points towards declining habitat con-
ditions. With rising temperatures, the magnitude and relative
temperature of baseflow during peak summer temperatures
may have significant ramifications for salmon.

The Penobscot River station USGS 01036390 is not repre-
sentative of all rivers in Maine, especially since it is near the
outlet to Penobscot Bay and represents an integration of fac-
tors affecting temperature over Maine’s largest watershed—
including proximal suburban development and upstream im-
poundments. Smaller rivers within the GOM DPS, especially
those in relatively underdeveloped watersheds that also have
frequent contact with sand and gravel aquifers that contribute
cooler baseflow, could potentially experience more moderate
warming than the Penobscot River (Lombard et al., 2021).
Nonetheless, the Penobscot River supports the most substan-
tial Atlantic salmon stock and is therefore an important con-
sideration in the future of salmon in Maine.

Given the generally linear relationship between air temper-
ature and river temperature, observed changes in air temper-
ature seasonality (Ellwood et al., 2013) will influence stream
temperatures into the future. This is evidenced by the tem-
perature seasonality from the Penobscot River USGS gauge
(Figure 7). From 1978 to 2017, summer onset (as defined
in Thomas et al., 2017) shifted earlier by nearly 20d, and
fall onset shifted slightly later, but increases in summer du-
ration were largely driven by spring onset. Spring warming
is expected to continue shifting earlier while fall cooling ar-
rives later (Dupigny-Giroux et al., 2018). Across the North-
east US, the duration of annual below-freezing temperatures
is expected to shrink by 6-18 d in the next 50 years (Dupigny-
Giroux et al.,2018). Indeed, there has been a decline in the du-
ration of ice in New England rivers since the mid-1800s (Dud-
ley et al., 2017). Given projected warming, ice duration will
continue to decline during the 21st century.

Potential impacts of temperature changes

Warming river temperatures are consequential throughout
every life stage salmon undergo in freshwater. Given the
overwhelming complexity of the influence of temperature on
salmon freshwater productivity, we have not addressed all the
possible interactions but instead have focused on the aspects
that are most confidently predictable and impactful to salmon.

With warming summer temperatures, greater areas of river
habitat supporting US-origin salmon will reach temperatures
above 27°C, the threshold for behavioural changes in parr.
Cold-water refugia during the summer season may become
increasingly critical, particularly for older parr, which have a
narrower range of thermal tolerance (Table 1). The temper-
ature of cold-water refugia will likely warm with rising air
and river temperatures, even if baseflow remains unchanged.
Given that salmon do not exhibit physiological adaptation for
upper thermal limits (Elliott and Elliott, 2010), we can expect
to see the salmon’s southern range shift northward with fur-
ther warming in the region. There are examples in the litera-
ture of warming temperatures benefitting some salmon popu-
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lations through faster early life growth rates and better recruit-
ment (Hedger et al., 2013). However, the impacts are over-
whelmingly negative, particularly for stocks at the southern
extent of the range, where warm temperatures approach the
salmon’s upper thermal limit.

Conditions that cause delays to migration such as dams,
low streamflow, and low oxygen zones will also be more im-
pactful to salmon when smolt windows shorten (McCormick
et al., 1999). Across fish species, thermal stress increases
metabolic costs, resulting in a variety of impacts, including
smaller adult body sizes and reduced fecundity, recruitment,
and survivorship (Sibly and Atkinson, 1994; Portner et al.,
2001; Portner and Peck, 2010). Additionally, smaller fish are
less metabolically efficient at osmoregulation due to having
greater surface-to-volume ratios (Hoar, 1976). With rising
temperatures, we expect compounding effects of temperature
and osmoregulation on body size, survival, and productivity.
Warm rearing temperatures in rivers have also been linked to
reduced marine survival in salmon (McCormick et al.,2009a),
supporting the idea that thermal impacts in freshwater will
manifest later during their marine phase.

Changes in temperature seasonality may also affect transi-
tional periods. For example, spawning is timed to occur after
temperatures begin to cool in the fall so that eggs will not be
subjected to temperatures above the 16°C lethal limit (Table
1). Therefore, later fall cooling could cause greater egg mortal-
ity. Eggs also develop more quickly in warmer temperatures. A
warmer winter season could result in earlier hatching, which
could subsequentially drive a mismatch with prey for first-
feeding larvae (Leggett and Deblois, 1994).

Other habitat variables

There are several factors other than streamflow and stream
temperature that shape Atlantic salmon freshwater habitat
quality (Kircheis and Liebich, 2005; Snyder et al., 2009;
Wilkins and Snyder, 2011; Wilbur et al.,2020). Here we briefly
review a few of these factors, including riverbed morphology,
ice cover, and water chemistry. We have a less clear grasp
of how these factors will change in the future, though mor-
phology and ice cover are tied to changes in temperature and
streamflow. Other factors that are less understood or sup-
ported in the literature are not included here (e.g. woody de-
bris).

Riverbed morphology

Salmon have life stage-specific riverbed requirements.
Throughout the year, parr need rocky bottoms with ac-
cess to interstitial spaces to hide from predators and escape
extreme temperatures. In autumn, spawning adults need
a mobile streambed to build redds. Each of these needs is
partially affected by streamflow.

In some places, riverbeds can become “embedded” with
sediment that fills the spaces between rocks, limiting places for
parr to hide. The amount of sediment washing into streams is
often constrained upland and riparian zone land cover. With
the reforestation of Maine since the mid-20th century (Ir-
land, 1998), embeddedness is assumed to be less of a con-
cern today. Furthermore, upstream lakes or wetlands, which
are common in glaciated watersheds like those in Maine, are
effective sediment traps, reducing the risk of the riverbed
downstream becoming embedded. Lake and wetland sedi-
ment storage is one of the reasons Northeast US watersheds
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have very low sediment yields when compared to other re-
gions of the world (Milliman and Syvitski, 1992; Milliman
and Farnsworth, 2011).

Low-gradient rivers like those that are characteristic of
the glaciated watersheds of eastern Maine often have insuf-
ficient energy to mobilize the bed for salmon to build redds
for spawning (Snyder et al., 2013). An immobile riverbed is
considered “armored” to change. Armouring results not only
from the low energy hydraulics but also because the finer sed-
iments the flow can transport have already been mobilized
and the resupply from upstream is low because of lake and
wetland storage. Thus, only coarse sediments remain that re-
quire greater energy to move. Future changes in average daily
streamflow are not expected to occur in the fall season (see
2.1 Streamflow) when salmon are building redds, nor would
they likely be large enough to mobilize armoured beds where
they occur. However, an increased frequency of small floods,
as documented in the region historically and projected for the
future, especially if they occur in the warm season, may im-
prove conditions for building redds (Armstrong et al., 2012;
Demaria et al., 2016a; Collins, 2019). For similar reasons, em-
beddedness is unlikely to become an issue unless land use rad-
ically changes.

Ice

Extent of ice cover and volume affects certain freshwater life
stages, primarily as it reduces available habitat and alters be-
haviour. Parr are relatively inactive during winter ice peri-
ods, when habitat is reduced (Breau et al., 2011; Cunjak et
al., 2011; Linnansaari and Cunjak, 2013). When tempera-
tures are very cold, subsurface ice can extend all the way to
the streambed, effectively cutting off portions of habitat (Lin-
nansaari ef al., 2009). Juvenile survival (from egg through age
2+ parr) is greatest when streamflow remains high in win-
ter and ice does not reduce habitat accessibility (Cunjak et
al., 2011). In winters with mid-winter rain-on-snow events,
ice breaks apart, which may cause severe scouring to the
riverbeds, disturbing nests and parr habitat. Years with mid-
winter ice breakups have dramatically reduced juvenile sur-
vival to the following summer (Cunjak et al., 2011).

In the last 150 years, ice duration in New England rivers
and lakes has declined (Dudley et al., 2010). Robust projec-
tions for future warming indicate that the extent and duration
of ice cover will continue to decline. Although salmon may
have increased habitat availability during the winter season,
more mid-winter rain and ice breakup events (Demaria et al.,
2016b) could lead to reduced survival of early life stages (0-
2+ years) and disturbed redds due to streambed scour.

Water chemistry and pollution

Water chemistry—particularly dissolved oxygen and acidity—
is also a concern in some GOM DPS rivers. While salmon are
resistant to low pH, dissolved inorganic aluminium becomes
mobilized in acidic environments and blocks gill membranes
that are necessary for osmoregulation (Haines, 1981; Liebich
etal.,2011). Smolts are considered the life stage most vulnera-
ble to these impacts (Dill et al., 2002). In rivers with sufficient
dissolved organic carbon (DOC), the pH threshold for mo-
bilizing aluminium is greater. Salmon exhibit reduced physi-
ological fitness and increased mortality in acidic rivers with
low DOC (McCormick et al., 2009b; Liebich et al., 2011).
Most Maine rivers tend to have high DOC concentrations and
are therefore less likely to contain free aluminium to interfere
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with osmoregulation. Furthermore, Maine rivers experience
episodic dips in pH rather than chronically low pH, as occurs
in salmon rivers of Nova Scotia and Norway (Dill et al., 2002).

Summary of combined freshwater impacts

While we have described major freshwater habitat variables
individually, future impacts to salmon due to a changing cli-
mate will be synergistic. Combined changes in streamflow,
temperature, and secondary factors will individually and si-
multaneously affect salmon. This is complicated by the rela-
tive confidence with which we can predict future changes in
each freshwater factor. Projections provide high certainty that
temperatures will continue to warm and that warming will be
greatest during the spring and summer seasons. Warming im-
pacts may be mediated by thermal refugia availability, which is
largely controlled by baseflow, which is also expected to warm
(Kurylyk et al.,2014; Menberg et al., 2014; Pitz, 2016). Base-
flow predictions rely on changes in precipitation and evapo-
ration, among other regional and local variables, and as such
are less certain. Generally, we expect that baseflow during the
summer, when thermal refugia are most critical, will remain
unchanged. However, static summer baseflow concurrent with
warming temperatures will likely mean less thermal refugia
available to meet increasing needs to escape lethal tempera-
tures. Conversely, winter baseflow is expected to increase as
more precipitation falls as rain rather than snow. With warm-
ing temperatures, mid-winter ice breakups could also become
more common and more severe, subsequently driving reduced
survival.

There are also combined factors that we cannot fully char-
acterize in this paper. For example, changing temperature
and streamflow could alter salmon phenology, which in turn
could affect out migration. Smoltification is cued by sev-
eral seasonal changes in the environment, including temper-
ature, streamflow, and photoperiod. Indeed, changing migra-
tion phenology in response to streamflow and temperature
has already been observed in salmon populations through-
out the North Atlantic Ocean (Otero et al., 2013). Chang-
ing environmental conditions may also result in physiologi-
cal, morphometric, and behavioural changes that could nega-
tively impact the smoltification process, resulting in increased
mortality during this critical transition period (McCormick ez
al., 1999) or later in the estuarine and marine environments
(McCormick et al., 2009a). Additionally, barriers to migra-
tion (e.g. dams, temperature, and low oxygen zones) may ex-
acerbate all the above by slowing or stopping migration, pre-
venting smolts from exiting before reverting to pre-smolt con-
dition, making them incapable of transitioning to life in the
ocean. The synthesis presented above characterizes average
regional dynamics that affect salmon populations, but local
factors may cause significant differences between and within
watersheds.

Estuarine

Estuaries are widely considered important ecological areas
(Summers et al., 1995). While estuaries provide critical habi-
tat for many fish species, US Atlantic salmon spend relatively
little time in this environment while migrating between their
freshwater and marine habitats (Kocik et al., 2009). As such,
research on Atlantic salmon in the estuarine environment is
limited (Hodgson et al., 2020). However, estuaries represent a

"

major transition period for smolts, where they interact with a
new array of biotic (prey and predators) and abiotic (salinity
and temperature) factors that are expected to change over the
next century.

Biotic factors

The freshwater to seawater transition that out-migrating
salmon smolts experience is known to be a physiologically
taxing experience that, coupled with migration through a fun-
neling estuarine environment and exposure to a novel suite of
predators, may result in significant levels of predation within
a small spatial and temporal window. Some predator species
are encountered annually, whereas others vary interannually.
As temperatures continue to warm, fish distributions will con-
tinue to shift northward (Nye et al., 2009), bringing a variety
of new potential smolt predators into the GOM (Friedland et
al., 2012; Kleisner et al., 2017; Allyn et al., 2020).

Changes in migration duration and predation dynamics
may negatively impact estuarine survival in the future. Striped
bass are known to prey on salmon smolts with varying consis-
tency (Blackwell and Juanes, 1998; Beland et al., 2001), and
striped bass predation rates within a Canadian estuary were
shown to be variable between years (Daniels et al., 2018).
The same Canadian estuary contains a recovering striped bass
population, raising concerns about increasing predation im-
pacts in the future. In the GOM DPS, salmon abundances de-
clined with simultaneous increases in striped bass (Beland et
al.,2001). In a river just south of the GOM DPS, nearly half of
all striped bass stomach contents contained smolts (Blackwell
and Juanes, 1998). However, striped bass abundance within
GOM estuaries is highly variable between years and likely
not a primary driver of declines (Beland ez al., 2001). Avian
predation is also a concern. With recent declines in benthic
fish species (e.g. flounder and cod) and regional river herring
populations (Limburg and Waldman, 2009), double-crested
cormorants may be preying on Atlantic salmon smolts with
increasing frequency (Blackwell and Krohn, 1997; Hawkes et
al., 2013). We do not know the relative impact of estuarine
predation on adult return rates, though it is assumed to be
much lower than marine mortality rates (April et al., 2021).

In addition to changes in predation, changes to post-smolt
prey abundances in estuaries may also be impacted by a
changing climate. In the Penobscot Bay, Atlantic herring ju-
veniles and various invertebrates comprise much of the diet
of early marine-phase salmon smolts (Renkawitz and Shee-
han, 2011). Atlantic herring juveniles are protein- and energy-
dense and may be a necessary fuel source for young salmon
entering the ocean phase. Changing climate may alter local
environments and make them less suitable for species like ju-
venile herring, thereby eliminating this important prey source.

Abiotic factors

Estuarine migration timing and success are dependent on
several abiotic factors, including salinity, temperature, and
streamflow (Thorstad et al., 2012; Stich et al., 2015, 2015ab).
While warmer river temperatures and lower streamflow cause
earlier migrations, survival to the sea depends heavily on suf-
ficient smolt development (Otero et al., 2013; Stich et al.,
2015a). Warming temperatures also shrink the temporal win-
dow during which smolt characteristics (e.g. osmoregulation)
are maintained for successful marine entry (McCormick et al.,
1999). With increasing temperatures, migration timing and
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physiological preparedness could potentially shift out of syn-
chrony, causing increased estuarine mortality.

Estuaries are also a gradient between freshwater and marine
systems, which experience climate change through disparate
drivers and rates of change. Seasonal and annual changes in
river temperature are driven primarily by air temperatures,
whereas temperatures in the ocean are controlled by a com-
bination of air temperature and ocean circulation. Given the
disparate drivers of these two systems, warming rates may be
asynchronous—creating a potential mismatch between chang-
ing habitat conditions, both seasonally and annually, and re-
sulting in increased mortality for out-migrating smolts. Spring
and summer temperatures in rivers are increasing, and the
start of summer is shifting earlier (Figure 7), but the start of
summer remains variable in the GOM (Thomas et al., 2017,
Alexander et al., 2018). This mismatch is likely to increase
and affect migration survival, but the interplay of variables
is difficult to tease apart and likely variable across rivers and
estuaries. The relative impact of warming on earlier smolti-
fication versus the duration over which smolt characteris-
tics are maintained is not fully understood. Southern popula-
tions may experience increased estuarine mortality as warm-
ing river temperatures drive earlier migrations and shorten
smolt windows. There is some evidence that seaward migra-
tions are advancing in response to ambient temperatures, sug-
gesting that salmon may have the capacity to adapt to climate
change-induced warming (Otero et al., 2013). However, it is
unclear if the rate of adaptation can match the rate of en-
vironmental change, considering that river and marine tem-
peratures are likely to diverge even further by the end of this
century.

Marine phase

Despite extensive freshwater restoration efforts, salmon pop-
ulations continue to decline across much of the species’ range,
with poor marine survival being a primary driver (April et al.,
2021; USASAC, 2021b). Furthermore, while salmon’s fresh-
water phase is heavily documented, the marine phase is rela-
tively understudied. Salmon survival at sea began to decline
in the late 1980s, with another downturn in 1997 (Beau-
grand and Reid, 2012; Mills et al., 2013). The decline marked
a phase-shift in salmon productivity (Chaput et al., 2005),
which resulted in lower abundances ever since, particularly
of MSW fish (Jonsson and Jonsson, 2004; Chaput and Benoit,
2012). Atlantic salmon harvest (commercial and recreational)
in North America has been greatly reduced and yet abun-
dances continue to decline (ICES, 2020).

Continued low abundance is attributed to a variety of
mechanisms. Some studies point to temperature and predation
as causes for poor marine survival (Friedland ez al., 1993; Red-
din et al., 2000; Peyronnet et al., 2007). Others suggest basin-
wide processes that affect trophic structure and prey energy
density (Mills et al., 2013; Renkawitz et al., 2015). Regard-
less, marine mortality is considered a primary threat to the
recovery of the GoM DPS (ICES, 2016; NMFS, 2018).

Regional oceanography

Salmon’s marine range covers a large swath of ocean that
is affected by regional circulation patterns (section “Climate
variability”; Figures 2 and 3). The primary range of US salmon
extends from the GOM up through the Labrador Sea to the
coast of Greenland. Along the Greenland coast, the West
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Greenland Current carries cool, relatively fresh water west,
around southern Greenland, and then follows the Greenland
coast north (Figure 3). The West Greenland Current then bi-
furcates, feeds the subpolar gyre to the north, and turns south
to feed the Labrador Current. The Labrador Current carries
surface water south, bathing the Grand Banks in relatively
cold water before meeting the warm, north wall of the Gulf
Stream and continuing down along the continental shelf. Wa-
ter from the Labrador Current is brought into the GOM in
surface currents. The Northwest Atlantic is heavily influenced
by the balance between the northward-flowing, warm waters
of the Gulf Stream and the equatorward-flowing, cool waters
of the Labrador Current (Figure 3).

The relative influence of these warm and cool currents
drives regional changes in ambient temperatures and is linked
to anomalies in the strength of the Atlantic Meridional Over-
turning Circulation (AMOC) (Gongalves Neto et al., 2021).
While AMOC represents natural oceanographic variability in
the region, climate change is pushing conditions beyond those
previously observed (Alexander et al., 2020). Since 1982, sea
surface temperatures in the Northwest Atlantic have consis-
tently warmed, two-thirds of which are attributed to natural
climate variability and the rest to anthropogenic forcing (Chen
etal.,2020). There is significant regional variation in warming
rates. The shelf waters of the Labrador Sea region warmed at
0.25°C per decade, while the interior Labrador Sea and Green-
land coast warmed at 0.5°C per decade (Chen et al., 2020).
Meanwhile, the GOM and portions of the Grand Banks have
warmed by 0.5-0.75°C per decade.

The exchange of waters with different properties (tem-
perature, salinity, and nutrients) drives regional productivity
(Greene and Pershing, 2007; Townsend et al., 2015). General
circulation patterns and deviations associated with climate
variability and change affect abiotic habitat conditions (e.g.
temperature, salinity, and nutrients), which in turn affect pro-
ductivity and upper trophic level animals, including salmon
(Mills et al., 2013).

Climate variability

Currents and regional circulation are modified by climate
variability operating on varying spatiotemporal scales, ulti-
mately impacting basin-wide ecosystem productivity, includ-
ing salmon. As such, it is potentially helpful to consider how
intrinsic variability can alter circulation in the Northwest At-
lantic when considering salmon’s fate.

The North Atlantic Oscillation (NAO) is the difference
in sea-level atmospheric pressure between the Arctic and
subtropical Atlantic (Hurrell et al., 2003; Stephenson et al.,
2003). The pressure difference is most pronounced during
the winter, and therefore the wintertime index is most of-
ten used. Changes in the NAO create temperature anoma-
lies in the Labrador Sea, which then propagate along the
continental shelf and slope regions, generating a lagged sig-
nal in the GOM (Greene et al., 2013). GOM surface tem-
peratures are negatively correlated with the NAO at a 4-
year lag (Xu et al.,, 2015). The NAO is positively corre-
lated with adult salmon mortality in the second year af-
ter spawning, but the mechanisms are unclear (Hubley and
Gibson, 2011). Positive phases of the NAO are linked
with declining zooplankton and forage fish productivity
in the eastern Atlantic (Parsons and Lear, 2001). When
high-quality prey (e.g. sandlance, capelin, and Atlantic her-
ring) abundances decline, salmon growth rates and survival
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Figure 8. Differences in North Atlantic summer SST (July, August, September) in degrees Celsius (NOAA Physical Sciences Laboratory n.d.,
https://psl.noaa.gov/ipcc/ocn/). Top row shows average 1955-2005 temperatures from (a) observation and the (b) CMIP5 historical baseline. Middle row
contains stabilization (RCP 4.5) projections to (c) mid-century (2005-2055) and (d) the end of the century (2050-2099). Bottom row contains business as

usual (RCP 8.5) projections to (e) mid-century and (f) the end of the century.

are likely to decline (Barajas et al., 2021). Declining
salmon abundances in the early 1990s followed changes in
climate and the physical environment, which were also linked
to changes in the plankton community and altered prey dy-
namics (Mills et al., 2013).

The Atlantic Multidecadal Oscillation (AMO) is a multi-
decadal index of variation in sea surface temperatures over
the North Atlantic (typically, 0°~80°N), as indicated by a
time series that dates to the 1870s (Drinkwater et al., 2014).
The AMO has been thought to oscillate with a periodicity
of 60-80 years, though the record is only long enough to ob-
serve two full oscillations. Positive AMO phases are associated
with warmer surface temperatures and lower North American
salmon abundances (Condron et al., 2005; Mills et al., 2013;
Friedland et al., 2014). AMO temperature changes are most
pronounced in winter near the Grand Banks of Newfound-
land, where salmon overwinter (Condron et al., 2005). Warm-
ing in the region is probably not directly impacting salmon;
rather, the AMO is hypothesized to impact Atlantic salmon

populations through temperature-associated ecosystem and
food web changes (Mills et al., 2013). AMO dynamics have
traditionally been described as oscillatory, and subsequent At-
lantic salmon studies have interpreted the metric in this way.
However, AMO dynamics may be better represented as red
noise with variability across all low-frequency time scales, and
many scientists have proposed that the Atlantic Multidecadal
Variability (AMV) may be a more appropriate name for the
index (Klavans et al., 2022).

Projected changes to salmon’s marine environment

While projected changes to salmon’s freshwater habitat are
moderately uncertain, models of temperature changes in the
marine environment are generally consistent with warming
over most of the North Atlantic and less warming or even
cooling to the south of Greenland, although the magnitude
of these changes varies (e.g. Alexander er al., 2018). As in
the freshwater section, we use the CMIPS5 ensemble of cli-
mate models under the RCP 4.5 and 8.5 carbon concentration

€20 Joquieldag ¢ uo Jasn ITOH SAOOM OS43N Ad $£92.22//21PESYSWISa0E60 1 0 L/10P/aIoIE-00UBADE/SWISS1/W0D dNO"olWapeoe)/:sdjjy WoJj POPEOJUMOQ


https://psl.noaa.gov/ipcc/ocn/

14

HadSST (Observed) 1956-2005

= —

TON

30N

50N

10N

M. E. Henderson et al.

CMIP5 Historical 1955-2005
70N e

60N

50N

40N

I
60w
CMIP5 RCP4.5 2050-2099 - Historical
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scenarios to project marine habitat change over this century.
These models include natural variability in projections of a
variety of ocean parameters, including temperature, salinity,
and stratification. We then make inferences about potential
impacts to salmon directly and indirectly, through prey species
and habitat changes.

The predicted marine impacts of a changing climate are
continually evolving. Some models predict the Gulf Stream
will shift northward over the next century, pushing the
Labrador Current northward and potentially bathing the
Grand Banks salmon overwintering area in warmer water
(Saba et al., 2016). This shift was observed in 2008, when the
Gulf Stream shifted northward, reduced the supply of cold,
oxygen-rich waters to the continental shelf (Gongalves Neto
et al., 2021). The CMIP5 ensemble of climate models indi-
cated that Northwest Atlantic waters would warm over the
21st century (Figure 8) and that this warmer water would
likely be transported towards the Northeast continental shelf
(Alexander et al., 2020). Given this, the GOM is expected to
warm greatly over the 21st century.

Given our incomplete understanding of salmon’s marine
habitat use, it is difficult to predict how climate change will im-

pact migration in the future. Future changes to currents could
positively or negatively impact salmon migrations, which of-
ten follow basin patterns (Reddin et al., 2000). Weakening
surface currents would reduce the metabolic requirements for
migration patterns, as salmon would need less energy to mi-
grate to the Labrador Sea. However, if the Gulf Stream does
not shift northward, as suggested by Alexander et al. (2020),
and general warming occurs, the increased metabolic demand
associated with warmer ocean conditions could negate any
potential advantages from weakened currents. While we can-
not know the exact balance of these variables, future warming
is highly likely, which is generally expected to subsequently in-
crease salmon’s metabolism and caloric needs.

Seasonal warming differences

Projected warming rates differ across seasons. Shoaling
of the mixed layer causes heat to be integrated over
a smaller volume of water in the surface layer, driv-
ing greater warming rates during the summer season
(Alexander et al., 2018). However, differential warming
rates across seasons may not be uniformly impactful to
salmon. The southern Greenland coast, the summer feeding
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Table 2. Marine habitat variables with life stage-specific salmon tolerances, present conditions, future habitat projections, and estimated impacts to

salmon productivity and persistence.

21st Century projected

change (CMIP5) Potential impacts to salmon

Region
Marine Temperature GOM and Grand
Banks
Labrador Sea and
Greenland
Salinity GOM and Grand
Banks
Labrador Sea and
Greenland
pH Northwest Atlantic
Mixed layer Northwest Atlantic
depth

0.2 to 0.5°C per decade
warming

Ecosystem-level impacts that
result in reduced prey quantity
and quality for post-smolt salmon.
Potentially novel predator
encounters as well.

0 to 0.3 5°C per decade
warming

Relatively moderate warming in
this region will probably not
generate a strong direct impact to
salmon.

medium/high confidence

-0.1 to -0.8 ppt freshening Prey availability changes related to
ecosystem-wide impacts of
shoaling mixed layer and

increased stratification.

-0.5 to -1.2 ppt freshening Freshening along West Greenland
has already and will likely
continue to reduce prey quality
and abundance in salmon’s
summer feeding grounds.

medium/high confidence

-0.20 to -0.35 lower pH Documented impacts of
acidification to forage species in
the Northwest Atlantic may affect
salmon prey quality and
availability. Additionally,
acidification may negatively
impact salmon’s olfactory homing
when returning to natal rivers.
medium/high confidence

Impacts to ecosystem productivity
and subsequently, salmon prey
availability and quality.

Shoaling by 0 m near
coastlines and by over 300 m
in the Labrador Sea,
particularly near Greenland.
medium/high confidence

Projected environmental changes gathered from the NOAA Physical Sciences Laboratory’s Climate Change Web Portal (https:/psl.noaa.gov/ipcc/ocn/).

grounds for MSW salmon, will continue to warm at a
much slower rate than the rest of the North Atlantic
due to ice melt and reduced AMOC (Drijfhout et al., 2012;
Cheng et al., 2013; Menary and Wood, 2018). Under RCP
8.5, by the end of this century, summer sea surface tempera-
tures along west Greenland are projected to be around 2.5°C
warmer than the historical mean (1956-2005). Meanwhile,
summers along the Grand Banks are projected to be 4.5°C
warmer (Figure 8). However, salmon spend the winter, not the
summer, at the Grand Banks. Winters along the Grand Banks
may be around 3°C warmer (Figure 9). Warming projections
under RCP 4.5 are lower. The combined effect of salmon mi-
gration patterns and the disparate spatiotemporal warming
rates could potentially mitigate stress for salmon, or changing
cues may lead to mismatches with suitable habitat conditions
or prey availability.

Shoaling of the mixed layer could also impact salmon
directly through increased metabolic efficiency. Salmon are
thought to take energetic advantage of thermal gradients by
feeding in shallow, warmer waters where prey is abundant
and then retreating to cool waters at depth to metabolize food
more efficiently (Hedger et al., 2017). A shallower mixed layer
could give salmon an advantage by shortening the vertical mi-
gration between warm and cool waters, thereby reducing en-

ergy expenditure, though it is unclear if the potential saved en-
ergy would offset the metabolic demands of a warming ocean.

Temperature and metabolism: direct impacts

Just as in freshwater, salmon’s marine distribution is tempo-
rally and spatially constrained by a range of physiologically
favourable temperatures. Sea surface temperatures ranging
from 3 to 8°C have been positively correlated with salmon
occurrence in the Northwest Atlantic (Reddin and Shearer,
1987). We know that marine ectotherms generally follow
species-specific temperature preferences, and many Northwest
Atlantic fish species have shifted distributions northward in
response to warming (Nye et al., 2009; Kleisner et al., 2016;
Fredston et al., 2020). Salmon are expected to potentially shift
northward as well, to follow preferred temperatures and/or
prey distributions (Friedland et al., 2014). These range shifts
could necessitate longer, more energetically costly migrations
(Rikardsen et al., 2021) and may contribute an additional bur-
den to the endangered US Atlantic salmon populations.

Seasonal changes

In addition to changing temperature, the timing of tempera-
ture seasonality will also continue to shift. Surface tempera-
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tures along the Northeastern continental shelf of North Amer-
ica will continue to warm throughout the 21st century, with
more pronounced warming in summer and fall than win-
ter and spring (Alexander et al., 2018). Changing tempera-
ture seasonality will directly alter the spatiotemporal distri-
butions of favourable thermal habitat for salmon and lower-
trophic-level species (Thomas et al., 2017; Henderson et al.,
2017; Staudinger et al., 2019), potentially affecting overlap
between salmon and preferred prey species. Species-specific
responses to temperature may indirectly lead to prey deficits
for salmon at a time when warming temperatures will result
in even greater metabolic demand.

There is also much evidence for the combined impacts of cli-
mate change on marine ectotherms (Portner and Peck, 2010).
Warming, freshening, acidification, and decreased oxygen
concentration associated with warming all exert metabolic
stresses on ectotherms. Furthermore, the combined effects of
these stresses are not always additive. Combined impacts may
be greater or less than the sum of individual changes to the
environment.

Indirect impacts to salmon

Based on current evidence, most impacts of marine habitat
change to salmon will be indirect (Jonsson and Jonsson, 2004;
Thorstad et al., 2020). Growth, survival, productivity, and re-
cruitment are primarily affected by ecosystem-level impacts
associated with climate change. Here we identify four of the
most prominent variables that are expected to change: tem-
perature, salinity, mixed layer depth, and ocean acidification.
All four factors are highly interrelated and, as such, will be
discussed collectively.

With global temperatures continuing to rise over this cen-
tury, the Arctic will experience increased freshwater input via
a number of sources, including melting sea ice and increased
precipitation (Greene and Pershing, 2007). By the end of this
century, surface salinity along the west Greenland coast is ex-
pected to freshen by 0.1-1.6 ppt (Table 2). Freshening will
be greatest along the west Greenland coast, where glacial ice
sheets will continue to melt (Sciascia et al., 2013; Straneo
et al., 2016). Freshening surface waters will cause increased
stratification, and the mixed layer will shoal (Capotondi et
al., 2012; Alexander et al., 2018). Shoaling and stratifica-
tion changes may be most dramatic during the summer sea-
son, when salmon are either in the southern Labrador Sea
(post-smolts) or along the Greenland coast (MSW) (Table 2).
Therefore, salmon will spend summers along the west coast of
Greenland, where freshening and shoaling of the mixed layer
will be greatest. Simultaneously with warming and stratifica-
tion, ocean acidification is expected to increase over this cen-
tury because of the ocean absorbing atmospheric carbon diox-
ide emissions (Table 2).

Mixed layer depth and stratification are well linked to phy-
toplankton blooms and ecosystem productivity, particularly
in the Northwest Atlantic (Sverdrup, 1953; Greene and Per-
shing, 2007; Behrenfeld, 2010). Calanus finmarchicus abun-
dance in the Northwest Atlantic is significantly positively
correlated with salinity ranging 29-33 ppt (Albouy-Boyer et
al., 2016). Low salinity pulses have been associated with
the dominance of younger C. finmarchicus phases (I-IV) and
other small copepods (Greene and Pershing, 2007). Freshen-
ing of fjord waters along the coast of Greenland (Straneo
et al., 2016) has also been associated with smaller copepod
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sizes (Gronkjeer et al., 2019). Small copepods do not pro-
vide the same level of lipid content as larger, later-stage C.
finmarchicus, which have served as the foundation of the
North Atlantic marine food web (Pershing and Stamieszkin,
2020).

Capelin and other small pelagic species serve as a ma-
jor energy conduit between copepods and upper trophic lev-
els, including salmon. In the absence of sufficient large cope-
pods, capelin will consume greater abundances of small cope-
pods but may not be able to compensate for the reduced
energy content in their diet (Greene et al., 2008; Gronkjer
et al., 2019). These changes in capelin energy density affect
Atlantic salmon. A study of salmon stomach contents from
Greenland found mean capelin energy density declined by
nearly 38% after the 1990 phase shift, and it is hypothe-
sized that reduced prey quality may be partially responsi-
ble for the decline in salmon productivity (Renkawitz et al.,
2015).

We also know that acidification negatively impacts mid-
trophic-level prey species for salmon. Developing sandlance
and Atlantic herring may experience reductions in growth and
physiological fitness related to ocean acidification levels an-
ticipated by the end of the century (Franke and Clemmesen,
2011; Frommel et al., 2014; Murray et al., 2019; Staudinger
et al., 2020). Atlantic herring and sandlance are important
prey species for Atlantic salmon (ICES, 2017), and if these
impacts extend to other key forage species (e.g. capelin), the
result could be that Atlantic salmon will be feeding on smaller
and less energy-rich fish into the future across the entirety of
its marine phase, potentially resulting in decreased growth
and survival during this critical phase (Renkawitz et al.,
2015).

In the 1990s, increased transport of relatively fresh wa-
ter from the Arctic reduced salinity in the Labrador Sea,
increasing stratification and shoaling the mixed layer, in-
creasing phytoplankton production and abundance during
fall and winter and decreasing during spring and summer
(Greene and Pershing, 2007; Pershing and Stamieszkin, 2020).
At the same time, C. finmarchicus, a critical prey species
for its large body size and lipid-rich composition, declined
(Pershing et al., 2010). Impacts of climate-generated shifts
in lower trophic productivity were seen in upper trophic
level animals such as reduced right whale productivity and
cod recruitment (Pershing and Stamieszkin, 2020). Calanus
finmarchicus is a major zooplankton prey species for for-
age fish that salmon consume, such as Atlantic herring and
capelin. Furthermore, recent shifts in C. finmarchicus phe-
nology mimic the 1980s/1990s shift (Ji et al., 2010; Persh-
ing and Stamieszkin, 2020), suggesting that copepod phe-
nology could drive major changes in salmon abundance.
Projected changes in stratification may be followed by
ecosystem-level changes in abundance and seasonality of C.
finmarchicus and therefore potential changes to salmon prey
availability.

Summary of combined marine impacts to salmon

Salmon’s marine habitat will change markedly over the next
75 years. Some changes can be placed into historical context,
like the 1980s/1990s ecosystem phase shift associated with
basin-scale climate oscillations and ecosystem-wide shifts in
trophic structure (Chaput et al., 2005; Mills et al., 2013;
Renkawitz et al., 2015). However, the magnitude of warming
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Figure 10. Northwest Atlantic (same region defined in Figure 8a, black box) SST anomalies (°C) observed (black line) and predicted anomalies under the
CMIP5, for the historical period (1950-2005, blue line), “stabilization” (RCP 4.5, green line), and “business as usual” (RCP 8.5, red line) carbon
concentration scenarios from 1950 to 2100. The anomalies are relative to the 1956-2005 historical mean and smoothed with a ten-year running mean.
Shading denotes anomalies with +/- one standard deviation based on an ensemble of global climate model simulation.

and changes in other physical conditions that are expected by
the end of this century is substantial (Figure 10). And while we
expect that a highly migratory species like salmon may be able
to spatially adjust to accommodate warming, potential spatial
and temporal mismatches in habitat connectivity and feeding
conditions may dramatically reduce marine growth and sur-
vival.

While salmon have direct physiological limits of tempera-
ture and other environmental variables, indirect impacts that
accrue through ecosystem changes are likely a more significant
driver of marine mortality to date and into the future. Changes
in prey availability, composition, quantity, and quality may be
a significant concern. Salmon’s marine phase is dedicated to
eating and growing before maturing and returning to rivers to
spawn. Feeding and growth are critical to survival, reproduc-
tive success, and subsequent recruitment to the population.
Ecosystem changes that result in altered diets and lower en-
ergy density will threaten the reproductive success and marine
survival of Atlantic salmon and inhibit the recovery of popu-
lations existing at low abundance levels.

The early marine phase has traditionally been considered
a critical period for Atlantic salmon, particularly in terms
of prey availability. Post-smolts undergo accelerated growth
(Miller et al., 2014), and metabolic requirements for this
growth must be met. Post-smolt salmon typically consume
Atlantic herring and krill (Renkawitz and Sheehan, 2011),
and the abundance of these lower-trophic-level species affects

salmon feeding and likely productivity. More recently, we are
learning that growth later in the marine phase is particularly
important to MSW salmon. Reduced growth rates during the
late marine stage have been associated with lower return rates
of US salmon (Barajas et al., 2021). Salmon also likely feed
while migrating through and overwintering in the Labrador
Sea, but we do not know as much about salmon during this
phase. With warming temperature, lower salinity, and increas-
ing acidification, we know with high certainty that zooplank-
ton and forage fish that currently comprise salmon diets will
be negatively impacted. Atlantic salmon tend to specialize in
predating a few species at a time but also exhibit diversifica-
tion when needed (Dixon et al., 2017). Salmon may not be
able to adjust to sharp changes in prey abundance and qual-
ity, but we do know that salmon diets change according to the
environment (ICES, 2017).

Discussion

Across the species range, Atlantic salmon have complex spa-
tiotemporal dependencies on a varied array of habitats span-
ning from riverine headwaters to the coast of Greenland.
Given that the US-origin populations occupy the southern
extent of the species” western range, the variability in habi-
tat conditions experienced may exceed that of most popula-
tions. Historically, the freshwater, estuarine, and marine habi-
tats that US-origin Atlantic salmon inhabit have not been
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static, but given contemporary climate change predictions,
these habitats are expected to change in diverse ways. For ex-
ample, river temperatures and flow regimes will change; cross-
habitat transition zones will become more challenging given
disparate rates of change; ocean temperatures will warm, cir-
culation patterns may be altered, and other oceanographic ef-
fects will result in impacts across all levels of marine ecosys-
tems. The ability of salmon to adapt to these changes is dif-
ficult to predict given the uncertainty in some climate projec-
tions. As an example, the ability of salmon to adapt to individ-
ual stressors in freshwater (e.g. increased river summer tem-
peratures) may be mitigated or exacerbated by other habitat
variables that are also expected to change in the future (e.g.
availability and quality of cold-water refugia). Outlining the
specific impacts of climate change on Atlantic salmon produc-
tivity is extremely challenging, but some general conclusions
can be made.

In freshwater, warming may be partially mitigated by base-
flow, but baseflow is also expected to warm. Quantifying the
impacts of reduced and warming baseflow is difficult given
that there are few detailed streamflow projections available
for the study area and they all are associated with large uncer-
tainty. While projections are uncertain, remember that stream-
flow and temperature dominate the freshwater environment
(section “Freshwater phase”). As such, all stages of salmon
that occur in freshwater will be impacted by a changing cli-
mate in potentially interdependent ways. Disparate environ-
mental cues for freshwater life stages may also diminish early
life survival. While photoperiod, the major cue for ovulation,
will remain consistent in the future, warming will cause hatch-
ing and yolk sac depletion to occur sooner. Finally, dams and
other barriers to migration will exacerbate all the above issues
by restricting within reiver movements and by delaying migra-
tions, potentially forcing salmon to miss key physiological and
environmental windows.

In estuaries, the potential for mismatch between the phys-
ical and biological components of freshwater and marine en-
vironments could play out as reduced survival of post-smolts
during seaward migration. Changes to predator and prey
distributions may also negatively or positively impact post-
smolts leaving rivers for the open ocean. Larger tempera-
ture differences among the cross-habitat transition zones or
changes to predator and prey distributions may negatively im-
pact post-smolt survival.

In the ocean, we anticipate range shifts given the direct
physiological impacts of warming temperatures, but we do
not know enough about how salmon behave in the marine
environment to accurately predict how their habitat selection
and seasonality patterns may change over the 21st century.
However, warming temperatures will increase metabolic de-
mands, thus increasing the energy requirements necessary to
meet somatic growth requirements for survival (Portner and
Peck, 2010). We can also expect to see indirect impacts to
salmon through changing ecosystem productivity and altered
availability, composition, and energy density of prey species.

Conclusion

While there are a wide range of possible ways in which salmon
will be influenced by climate change progression over this
century, none of these changes are expected to lead to posi-
tive outcomes for US-origin Atlantic salmon (Tables 1 and 2).
Salmon are one of the most well-studied anadromous fish
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species and yet there are many gaps in our understanding of
how they occupy the marine environment. We know a lot
about how salmon occupy the freshwater environment, yet
have relatively low certainty in our predictions of how river-
ine environments will change for salmon. The estuarine phase
of Atlantic salmon is simply viewed as a transition phase,
which may not be accurate, and the dynamics and impacts
of projected changes are understood. For their marine phase,
there are significant gaps in our understanding of how they
occupy and interact with the marine environment. Given the
complexities of US-origin salmon life histories and project-
ing future habitat conditions, there are a myriad of topics
that warrant further study to facilitate the development of
more robust impact predictions. However, as a starting point,
we suggest a few areas that warrant further research and
consideration.

Atlantic salmon populations across their range, including
US populations, have suffered from reduced marine survival
in recent decades. Research and management alike have iden-
tified the need for increased focus towards describing the spa-
tiotemporal habitat use and ecology in the ocean. If we know
more about how salmon use the marine environment, we can
build a clearer picture of how salmon will respond to ro-
bustly predicted warming in the marine environment. Specif-
ically, what migration pathways do salmon use (e.g. depth,
water properties)? How does migration change in warmer
or cooler years? How does a warming ocean impact salmon
bioenergetically? How might changing prey availability and
quality exacerbate changing metabolic needs associated with
warming temperatures? Advancing research on these types
of questions will build a better understanding of the scope
for behavioural and physiological adaptation, which will in-
fluence the nature and magnitude of climate impacts that
accrue to US Atlantic salmon. Improved understanding of
sensitivity and adaptive capacity as elements of climate risk
will reduce uncertainty and enhance confidence in projec-
tions of habitat suitability for Atlantic salmon under climate
change. Finally, this paper is a current assessment that high-
lights our gaps in our understanding and how increased fo-
cus, effort, and study building from this synthesis will help us
to better advise on the impacts of a changing climate in the
future.
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