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The Gulf of Maine has recently experienced its warmest 5-year period (2015-2020) in the instrumental
record. This warming was associated with a decline in the signature subarctic zooplankton species, Calanus
finmarchicus. The temperature changes have also led to impacts on commercial species such as Atlantic cod
(Gadus morhua) and American lobster (Homarus americanus) and protected species including Atlantic puffins
(Fratercula arctica) and northern right whales (Eubalaena glacialis). The recent period also saw a decline in
Atlantic herring (Clupea harengus) recruitment and an increase in novel harmful algal species, although these
have not been attributed to the recent warming. Here, we use an ensemble of numerical ocean models to
characterize expected ocean conditions in the middle of this century. Under the high CO, emissions scenario
(RCP8.5), the average temperature in the Gulf of Maine is expected to increase 1.1°C to 2.4°C relative to the
1976-2005 average. Surface salinity is expected to decrease, leading to enhanced water column
stratification. These physical changes are likely to lead to additional declines in subarctic species including
C. finmarchicus, American lobster, and Atlantic cod and an increase in temperate species. The ecosystem
changes have already impacted human communities through altered delivery of ecosystem services derived
from the marine environment. Continued warming is expected to lead to a loss of heritage, changes in culture,
and the necessity for adaptation.
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Introduction warming progresses. These concerns prompted the crea-

The ecosystems in the Gulf of Maine have provided food,
recreation, and economic opportunities for centuries.
Recently, the Gulf of Maine has experienced one of the
fastest rates of warming of any ocean ecosystem (Pershing
et al,, 2015). Global climate projections suggest that this
region will continue to warm at an above average rate
(Saba et al., 2016). The recent warming has elevated con-
cerns within the region about how marine resources and
communities around the Gulf of Maine will fare as global
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tion of the Gulf of Maine 2050 International Symposium
(from which emerged this special collection of papers).
As part of this symposium, we were asked to synthesize
current understanding of how changes in ocean tempera-
ture have impacted ecosystems in the Gulf of Maine and
how these ecosystems are likely to change by 2050. We
relied on an ensemble of high-resolution projections for
ocean conditions in our region (Brickman et al., 2021).
This article complements other Gulf of Maine 2050
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scenario papers on ocean acidification (Siedlecki et al.,
2021) and sea level rise and storms (Chisholm et al., 2021).

The year 2050 was not selected at random. Around this
time, the different carbon emission scenarios begin to
diverge from one another. In other words, many of the
changes we expect over the next 30 years are inevitable,
regardless of how much carbon dioxide is emitted in the
next few years. By focusing on 2050, we anticipate the
regional community can identify tangible goals that
inform actions to help human and ecological systems
adapt over the next few decades.

Because the signal of warming has been so strong, this
article begins by reviewing what we have learned by study-
ing ecosystem impacts from recent changes in tempera-
ture. We then summarize two independent efforts to
develop high-resolution projections for conditions in
2050. Finally, we consider what the future changes may
mean for the Gulf of Maine marine ecosystem. We also
present four case studies that offer an integrated perspec-
tive on the future of some highly visible and commercially
important species.

Observed impacts of warming on the Gulf of Maine
ecosystem

The Newfoundland/Labrador Shelf, Gulf of St. Lawrence,
Scotian Shelf, and Gulf of Maine form an interconnected
shelf sea along the eastern seaboard of the United States
and Canada. The circulation in the region is characterized
by a general northeast—southwest flow of water from the
Labrador and Newfoundland Shelf areas through the Gulf
of St. Lawrence, Scotian Shelf, and Gulf of Maine to the
Mid-Atlantic Bight (Figure 1). The region off the shelf is
the confluence zone between the warm northeastward
flowing Gulf Stream and the cold southwestward flowing
Labrador Current (Loder et al., 1998). Whether the water in
this region has temperate or subpolar characteristics de-
pends on conditions in the broader North Atlantic. Nota-
bly, weaker Atlantic meridional overturning circulation is
associated with warmer conditions off the continental
shelf and warmer water entering the Gulf of Maine
through the Northeast Channel (Saba et al., 2016; Caesar
et al., 2018; Record et al., 2019b). Ocean properties in the
Gulf of Maine are also directly influenced by Gulf Stream
variability (i.e., warm-core rings), inflows of water from the
Scotian Shelf, and local effects like river inputs and inter-
action with the atmosphere.

Due to the input of cold water from the Scotian Shelf,
the Gulf of Maine has a distinctive subarctic ecosystem
despite having a mean latitude of 41°N. It has a strong
spring phytoplankton bloom typical of the North Atlantic
that is fueled by nitrate that mixes into the surface waters
by the cold winters or, in places like Georges Bank, by the
strong tides (Townsend, 1991). The copepod Calanus fin-
marchicus (hereafter, Calanus) is the signature inverte-
brate animal of the North Atlantic subpolar ecosystem
(Pershing and Stamieszkin, 2020). It is adapted to the
intense seasonality of this region. In particular, it accumu-
lates reserves of lipids during the spring and summer and
then uses these reserves to sustain itself through several
months of winter dormancy (Johnson et al., 2007).
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Figure 1. Map of the Gulf of Maine with major currents
highlighted. The red and blue areas off the continental
shelf represent the cold and warm water masses,
respectively, that can enter the Gulf of Maine at depth
(see MERCINA Working Group, 2001). As in Pershing et
al. (2015), temperature observations from NOAA
extended reconstruction sea surface temperature data
(see Data accessibility statement) were averaged over
the region encompassed by the dashed line.
Downscaled climate model output was averaged over
the entire shelf area in the image. DOI: https://
doi.org/10.1525/elementa.2020.00076.f1

Calanus is very abundant in the Gulf of Maine—some of
the highest concentrations ever measured are from this
region, even though the Gulf is near the southern limit of
its range (Melle et al., 2014; Pershing and Stamieszkin,
2020).

The spring bloom and Calanus support a community of
iconic North Atlantic species, with a large proportion of
the carbon fixed during the spring bloom likely passing to
higher trophic levels through Calanus (Pershing and Sta-
mieszkin, 2020). Calanus is an important food source for
larval Atlantic cod (Gadus morhua), adult Atlantic herring
(Clupea harengus), sand lance (Ammodytes spp.), and right
whales (Eubalaena glacialis). Small fish like herring and
sand lance are key seasonal prey for larger fish like adult
cod and bluefin tuna (Thunnus thynnus) and for marine
mammals and seabirds (Golet et al., 2015; Smith et al.,
2015; Staudinger et al., 2020).

Temperature in the Gulf of Maine varies from year to
year and from decade to decade (Figure 2). Mean surface
temperatures in the late 1940s and early 1950s were well
above the 1976-2005 mean, and 1949 and 1951 had
annual anomalies above 1°C. (Note: all physical changes
in this article are reported relative to the 1976-2005 cli-
matology, which provides a consistent 30-year reference
period that works for both the observations and climate
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Figure 2. Gulf of Maine temperature anomalies relative to 1976-2005 baseline. Thin line indicates annual average
temperature; thick line, 5-year running mean. Data from NOAA extended reconstruction sea surface temperature (see
Data accessibility statement). DOI: https://doi.org/10.1525/elementa.2020.00076.f2

simulations). The 1960s were particularly cold. Tempera-
tures rose in 1999 and then entered a period of rapid
warming around 2005. The warming has been strongest
in the summer and fall, with summer-like conditions start-
ing about a month sooner and ending a month later than
the historical record (Thomas et al., 2017). The warming
was punctuated by heat waves in 2012 (Mills et al., 2013),
2016 (Pershing et al., 2018b), and 2018. The mean tem-
perature over the last 5 years is now the highest on record.
The recent warming has been linked to inflows of warm,
salty water at depth through the Northeast Channel begin-
ning in 2010 (Townsend et al., 2015; Brickman et al., 2018;
Record et al., 2019b). This subsurface oceanographic path-
way is highly sensitive to changes in the Atlantic meridi-
onal overturning circulation (Sherwood et al., 2011),
which has been weakening due to Arctic warming (Caesar
et al., 2018).

In addition, warmer winters with more precipitation
falling as rain rather than snow have affected ice pack
conditions in the watersheds of the Gulf of Maine and
shifted the timing and amount of freshwater runoff and
delivery to coastal waters (Hodgkins et al., 2003; Hunting-
ton and Billmire, 2014). As a result, seasonal stratification
has become more variable, with a general trend toward
earlier strengthening in the eastern portion of the Gulf of
Maine basin (Li et al.,, 2015).

The recent warming is causing the Gulf of Maine eco-
system to lose some of its subarctic characteristics. Cala-
nus abundance, especially in the eastern Gulf of Maine,
has declined during the summer and autumn, and other
small crustaceans including important prey species like
euphausiids have also shifted northward (Lasley-Rasher
et al., 2015). Stocks near the southern limit of their range
such as northern shrimp (Pandalus borealis; Richards,

2012; Richards et al., 2012; Richards et al., 2016), Atlantic
cod (Pershing et al., 2015), and southern New England
American lobster (Homarus americanus; Le Bris et al.,
2018) have declined (see Case study: Lobsters). Recent Atlan-
tic herring recruitment has also been very low (Northeast
Fisheries Science Center, 2018). While the decline in herring
recruitment has not been attributed to temperature or to
the changes in Calanus, it is certainly consistent with the
general decline in the subarctic community. Many Northeast
U.S. fishery stocks are moving northward and to deeper
depths with long-term temperature changes across the
region (Nye et al., 2009; Pinsky et al., 2013; Kleisner et al.,
2016). In addition, warming-related declines in Calanus are
causing right whales to spend more time in the Gulf of St.
Lawrence, instead of in the Gulf of Maine (Record et al,
2019b; see Case study: Right whales).

Counter to declines in subarctic species is the increased
prominence of mid-Atlantic species in the Gulf of Maine
and the adjacent Scotian Shelf. Longfin squid (Doryteuthis
pealeii), which are typically ephemeral off Maine, moved
into and stayed in coastal Maine waters during the 2012
marine heat wave (Mills et al., 2013; see Case study:
Squid). Black sea bass (Centropristis striata) have extended
their range from Cape Cod Bay into the northern Gulf of
Maine (McBride et al., 2018; McMahan and Grabowski,
2019) as have Atlantic mackerel (Scomber scombrus, Over-
holtz et al., 2011) and silver hake (Merluccius bilinearis;
Nye et al., 2011). American lobster, which prefers relatively
warmer temperatures, is rapidly increasing across the Sco-
tian Shelf and expanding its distribution to the Eastern
Scotian Shelf and into deeper water (Bernier et al., 2018).
Some new species, like American John Dory (Zeus faber)
and armored sea robin (Peristedion miniatum), are now
observed more frequently on the Scotian Shelf (Bernier
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et al,, 2018). Shifts in the Gulf of Maine fish community
from subarctic to temperate composition and dominance
are impacting the diet and breeding success of seabird
species such as puffins and terns that nest during the
summer months on coastal islands in the Gulf of Maine
(Kress et al., 2016; see Case study: Seabirds).

In addition to distribution shifts in fishery-relevant spe-
cies, warming waters are affecting a variety of other spe-
cies in the Gulf of Maine. While green crabs (Carcinus
maenas) have been present in the Gulf of Maine for more
than 100 years, their abundance increased dramatically
during the warm period in the 1950s (Glude, 1955; Welch,
1969). During recent warming, green crabs have caused
considerable damage to eelgrass beds and to populations
of soft-shell clams (Mya arenaria; Congleton 2006; Whit-
low 2010; Belknap and Wilson, 2015; Neckles, 2015). They
are one possible explanation for the observed decline in
blue mussels (Mytilus edulis) throughout the Gulf of
Maine (Sorte et al., 2017) and have the potential to impact
native rock crabs (Griffen and Riley, 2015). Other non-
native species, such as the tunicate, Botrylloides violaceus,
have proliferated in the Gulf of Maine, altering communi-
ties that occupy rocky bottoms and settling on piers, fish-
ing gear, and even seaweeds (Dijkstra et al., 2007).

Diseases that affect local species are also increasing in
prevalence. An increase in the incidence of epizootic shell
disease is part of the explanation for the decline in Amer-
ican lobster in southern New England after 1999 (Wahle et
al,, 2009). Oyster pathogens such as Haplosporidium nel-
soni and Perkinsus marinus that, respectively, cause the
diseases “MSX" (Multinucleated Sphere Unknown) and
“Dermo” have become more prevalent in the Gulf of
Maine as ocean temperatures have warmed (Marquis et
al., 2015; Robledo et al., 2018). While there is no evidence
to date that harmful algal blooms are increasing in the
Gulf of Maine, blooms of species previously unreported in
the Gulf of Maine like Karenia mikimotoi and Pseudo-
nitzschia australis have occurred in the last several years
(Clark et al., 2019; Record et al., 2021). Outbreaks of these
organisms have been linked to fish and wildlife mortality
events in other regions (e.g., Pacific coast) and represent
an emerging threat if changing conditions in the Gulf of
Maine support them (de la Riva et al., 2009; Record et al,,
2021).

The distribution shifts reported above can occur
through a variety of mechanisms. Highly mobile species
like squid, butterfish (Peprilus triacanthus), and northern
right whales can shift rapidly by actively tracking the envi-
ronmental conditions they need to survive. For less mobile
species and for plankton, shifts occur through spatial gra-
dients in productivity and survival. For example, Le Bris et
al. (2018) attributed the decline of the lobster population
in southern New England and the increase in abundance
in the northern Gulf of Maine to temperature-dependent
recruitment.

Shifts are also occurring in the timing of when species
are abundant or when processes like phytoplankton
blooms occur. Seasonal changes in the environment,
such as the timing of transition from winter to spring
and fall to winter, are lengthening the duration of
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summer and shortening the duration of winter (Thomas
et al., 2017). The fact that summer and fall temperatures
have risen faster than those in the winter implies the
likelihood of rapid drops in temperature during the late
fall and early winter. This pattern may explain the recent
increase in cold-stun stranding events of Kemp's Ridley
sea turtles (Lepidochelys kempii; Pershing et al., 2018a;
Griffin et al., 2019).

All of these physical changes in the seasonal conditions
of the Gulf of Maine affect the timing of recurring life
events, known as phenology, of marine fauna, including
foraging and growth conditions, and environmental cues
that prompt breeding and migration (Staudinger et al.,
2019). The greatest evidence for phenological shifts in the
Gulf of Maine have been observed at the base of the food
web including later spring and fall phytoplankton blooms
(Record et al., 2019a) and earlier and higher peaks in
spring abundance of Calanus and other zooplankton
(Runge et al., 2015; Record et al., 2019b). The phenological
responses of larval fish abundance have varied widely
across species, with earlier occurrence of larval stages of
some benthic fishes (e.g., haddock—Melanogrammus ae-
glefinus, winter flounder—Pseudopleuronectes americanus)
and later occurrence of species such as sand lance, pollock
(Pollachius virens), and mackerel; however, most larval fish
(e.g., Atlantic cod, silver hake) have shown no detectable
changes (Walsh et al., 2015).

Evidence for shifts in phenology of higher trophic level
species is scarce (Staudinger et al., 2019). A few notable
examples include later reproduction and fledging of
Atlantic puffins on Machias Seal Island (Whidden, 2016)
and increased duration of the spawning period for some
commercially important macro-invertebrates including
northern shrimp (Richards, 2012; Richards et al., 2016).
The arrival and departure of fin and humpback whales
have shifted 11-28 days earlier in the Gulf of St. Lawrence
(Ramp et al., 2015). In the Gulf of Maine, despite evidence
for right whale distribution shifts (Davis et al., 2017,
Record et al., 2019b), information on how the timing of
habitat use may have changed is lacking. Charif et al.
(2020) found suggestive correlations between winter sea
surface temperature and the timing of whale presence in
Massachusetts Bay, and they suggest that the right whales
may be using that habitat earlier than in previous years.
Additional analyses with long-term monitoring data are
needed to understand phenological shifts in large whale
habitat use in the Gulf of Maine. Nonuniform changes in
phenology of marine animals put species at risk for eco-
logical mismatches that can affect fitness and survival and
have important consequences for interactions with
human activities (Staudinger et al., 2019).

Ensemble projections for 2050

To assess how the ecosystems in the Gulf of Maine might
change by 2050, we used the temperature projections
from Brickman et al. (2021). These projections synthesize
independent modeling efforts by Canadian and U.S.
research groups. Both efforts used a common dynamical
downscaling approach: force a high-resolution regional
ocean model with output from global climate models.
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Table 1. Assessment of expected changes in surface and
bottom (50-m) conditions in the Gulf of Maine based on
projections by Brickman et al. (2021). DOI: https://
doi.org/10.1525/elementa.2020.00076.t 1

Variable Expectation® Models
Surface temperature Highly likely to increase 4/4
Surface salinity Likely to decrease 3/4b
Bottom temperature Highly likely to increase 4/4
Bottom salinity Likely to increase 4/4
Stratification Highly likely to increase 4/4

*Direction of change and likelihood was estimated based on
number of models exhibiting that change.

PAll models showed increases in some portion of the domain,
but the considerable spatial variability led to reduced likelihood.

They differ in the ocean model used and in how they dealt
with the ensemble of climate projections and the different
climate scenarios.

The U.S. study used the Regional Ocean Modeling Sys-
tem. They conducted three independent runs forced by
the output from one of three global models: GFDL
ESM2M, Institut Pierre Simon Laplace CM5A-MR, and the
Hadley Center HadGEM2-CC (HadGEM,; see Alexander et
al., 2020). Their study only considered the high emissions
scenario (RCP8.5; Taylor et al., 2012).

The Canadian study used the Bedford Institute of
Oceanography North Atlantic Model (BNAM). They used
the ensemble average forcing from six earth system mod-
els from the CMIP5 ensemble (see Brickman et al., 2016).
They considered the high emissions scenario and a moder-
ate emissions scenario (RCP4.5) that has CO, concentra-
tions stabilizing later in the century (Taylor et al., 2012).

The Brickman et al. (2021) projections suggest that the
Gulf of Maine in 2050 will be warmer at both the surface
and bottom under business-as-usual conditions (Table 1).
It is likely to be fresher at the surface but saltier at depth,
though there is more spatial variability in the bottom
salinity. These features mean that the Gulf of Maine will
be more stratified in the future. The rates of change for
most processes are generally in line with recent observa-
tions. For example, two projections with the weakest sur-
face warming had warming rates of 1.8°C and 2.7°C
century™'. These are well above the observed long-term
(1900-2013) trend (0.6°C century™'; Fernandez et al.,
2015) but below the recent 30-year rate (3°C century '
for 1982-2013; Pershing et al., 2015). The two warmest
projections had rates of 3.2 and 3.8°C century ', compa-
rable to the recent 30-year rate.

To provide some context for interpreting ecosystem
change, we can benchmark the Brickman et al. (2021)
projections against recent conditions. The ensemble aver-
age of the four RCP8.5 projections is 1.73°C above the
1976-2005 reference and slightly below conditions in
2012 (1.86°C) and 2016 (1.82°C; Figure 3). However, the
Brickman et al. projections are best thought of as the 30-
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year mean at the middle of the century, which means that
in 2050, the Gulf of Maine is likely to produce tempera-
tures warmer than what we have experienced so far.
There is considerable variability in the four RCP8.5
simulations. The warmest simulation (HadGEM) has con-
ditions in 2050 that are hard to fathom based on the
recent history of the Gulf of Maine. The mean temperature
anomaly in the HadGEM simulation is 2.38°C above the
baseline. In the climate depicted in this simulation, the
extreme (by current standards) conditions in 2012 would
be a cool year. In contrast, the coolest simulation (BNAM)
has temperatures in 2050 at 1.11°C above the 1976-2005
reference (Figure 3), which suggests a climate where an
average year is similar to the current conditions and where
conditions like those during the 2012 or 2016 heat waves
would be merely warm years. The mean in this simulation
is only 0.3°C warmer than the BNAM RCP4.5 simulation,
underscoring the rationale for choosing 2050.

Ecosystem conditions in 2050

Quantitative models relating temperature to distribution
and/or abundance are available for several important Gulf
of Maine species. Climate model projections of tempera-
ture can then be used to drive these models, providing an
estimate of the future abundance or distribution. For
other important species, we can make inferences about
how they have changed in response to past warming or
cooling or how they are distributed along thermal gradi-
ents in space.

Projected impacts on Calanus

For Calanus, projections into future climate conditions
have generally relied so far on statistical models. Using
a model built on surface conditions, Reygondeau and
Beaugrand (2011) predicted a disappearance of Calanus
from the Gulf of Maine by 2050. Grieve et al. (2017)
included bottom conditions—important because of the
extended diapause period at depth—and predicted a more
modest decline of around 50% by the end of the century.
As yet, statistical models do not incorporate two key pro-
cesses relevant to plankton: advection, which strongly in-
fluences Calanus abundance along coasts and continental
shelves (Speirs et al 2006; Ji et al., 2017), and life history
dynamics, for which a number of mechanistic models exist
(reviewed by Record et al., 2013) but have not been used
in projections. Wilson et al. (2016) did project one mech-
anistic Calanus model to end-of-century conditions and
reported some of the largest decreases in diapause dura-
tion (approximately 75%) to occur in the Gulf of Maine,
but what impact this decreased duration will have on
overall abundance is not clear. Using a life-history model
of Calanus, Ross et al. (2021) suggest a decline in the Gulf
of Maine, especially in the summer and fall. Models used
to date have not attempted to capture the capacity of
Calanus to adjust behavior to changing conditions (Beever
et al., 2016) or interactions among Calanus and other
species within the food web, which could have either
positive or negative effects (Moritz and Agudo, 2013; Sel-
den et al., 2018). Also needed are improved models that
better capture this species’ interactions with the
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Figure 3. Observed and projected Gulf of Maine sea surface temperature anomalies relative to 1976—-2005 baseline.
Thin line indicates annual average temperature (as in Figure 2); thick line indicates 29-year running mean. The
colored circles denote the mean projections from the five downscaled climate projections. The projections represent
the 30-year climate centered on 2050. The crosses denote the 30-year period represented by the reference period, the
most recent observations, and the RCP8.5 projections with the least and most warming. The vertical extent of the
crosses shows variability of +0.5°C consistent with the observations. The gray circle is the mean from the Bedford
Institute of Oceanography North Atlantic Model RCP4.5 projection. DOI: https://doi.org/10.1525/

elementa.2020.00076.3

circulation and patterns of primary productivity that may
allow the Gulf of Maine to function as a refugia for Cala-
nus (Runge et al., 2015).

Projected impacts on fish species

In the Gulf of Maine, continued warming is expected to
create extensive changes in finfish and shellfish by 2050.
Overfished stocks near the upper thermal limit of their
range are most likely to experience distribution and abun-
dance change and thus will be vulnerable to further im-
pacts. Hare et al. (2016) conducted a climate vulnerability
assessment for 82 fish and invertebrate species on the
Northeast U.S. Shelf. Their methods indicated that the
overall climate vulnerability is high to very high for half
the species assessed, with bivalves (i.e., bay scallop—Argo-
pecten irradians, ocean quahog—Arctica islandica, north-
ern quahog—Mercenaria mercenaria) and an endangered
fish (i.e., Atlantic salmon—Salmo salar) rated the most
vulnerable. In addition, the majority of species have a high
potential for changes in distribution in response to pro-
jected changes in climate. Negative effects are expected
for half of the species assessed, and many of those species
are currently important to commercial fisheries in the
Gulf of Maine. Some species that have been observed
moving into the Gulf of Maine, such as black sea bass and

longfin squid, are expected to be affected positively (e.g.,
increase in productivity and abundance) over the North-
east Shelf region. A similar vulnerability assessment of
marine species on the Scotian Shelf predicts that 45%
of populations may be vulnerable under a severe (+3°C)
warming scenario (Stortini et al., 2015). Key commercial
populations on the western Scotian Shelf (adjacent to the
Gulf of Maine) that are vulnerable under the severe warm-
ing scenario include snow crab (Chionoecetes opilio), cod,
pollock, and red hake (Urophycis chuss).

Projected warming also affects thermal habitats for
species occurring in the Gulf of Maine, and three studies
have provided species distribution projections for the Gulf
of Maine and the surrounding region. Allyn et al. (2020)
used CMIP5 projections for 2050 that are in the middle
range of the Brickman et al. (2021) projections. Kleisner et
al. (2017) and Shackell et al. (2014) used temperature
projections that are higher than the Brickman et al. pro-
jections. Despite their differences, all three studies indi-
cate that by 2050, the Gulf of Maine will experience
declines in thermal habitat area and biomass of key spe-
cies that are currently familiar in the region, including
many species of groundfish (e.g., Atlantic cod, haddock,
Acadian redfish—Sebastes fasciatus), Atlantic herring, and
red crab (Chaceon quinquedens). They also project gains in
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more southern species (e.g., summer flounder—Para-
lichthys dentatus, striped bass—Morone saxatilis, blue-
fish—Pomatomus saltatrix, smooth dogfish—Squalus
acanthias). As these southern species move northward in
response to rising ocean temperatures, they are expected
to become more prevalent in the Gulf of Maine by 2050
(Allyn et al.,, 2020).

Projections tailored to individual species indicate
more nuanced ways in which warming may affect suit-
able habitats and species distributions. Fragmentation of
habitats is one concern. For an increase of 1°C in bottom
temperature (the low end of the Brickman et al. projec-
tions), cusk (Brosme brosme) habitat in the Gulf of Maine
region will shrink and fragment as a result of a spatial
mismatch between high complexity seafloor habitat and
suitable temperatures. With temperature increases above
1.5°C, half of the surface area classified as cusk habitat
will disappear, and fragmentation will be further exacer-
bated at more severe temperature increases (Hare et al.,
2012). In addition, the effects of warming on habitat
suitability for a species may vary with sex, life stage, and
other characteristics, as demonstrated for lobster in the
inshore waters of the Gulf of Maine (Tanaka et al., 2018).
Finally, while most habitat projections consider individ-
ual species in isolation, changes in overlap between pre-
dators and prey are also expected to occur as
temperatures warm (Selden et al., 2018) and seasonality
changes (Pershing et al., 2015; Staudinger et al., 2019).
The ability of species to find suitable and sufficient prey
and the risks they may face from changing predator fields
can both affect the habitats they actually occupy and
their potential population productivity (Staudinger et
al., 2021). Thus, there is the potential for novel mixes
of species, a concern highlighted in the recent U.S.
National Climate Assessment (Lipton et al., 2018; Persh-
ing et al.,, 2018a; Weiskopf et al., 2020).

Commercial fishing has a long history in the Gulf of
Maine, and fishing remains one of the most tangible ser-
vices provided by this ecosystem. Until recent decades,
Atlantic cod was the mainstay of the fisheries in this
region. Cod occurrence declines dramatically when bot-
tom temperatures exceed 12°C (Drinkwater, 2005; Fogarty
etal,, 2008). The 1-2°C increase in bottom temperature in
the Brickman et al. (2021) projections implies that this
threshold will be exceeded on Georges Bank in 2050.

Cod recruitment in the Gulf of Maine and Georges
Bank declines with increasing temperature (Drinkwater,
2005; Fogarty et al., 2008; Pershing et al., 2015). With
an increase of 3°C, the stocks in Georges Bank, Gulf of
Maine, and Browns Bank/Bay of Fundy are all expected to
decline, and a 4°C increase is expected to extirpate cod
from Georges Bank (Drinkwater, 2005) and possibly the
Gulf of Maine (Selden et al., 2018). These higher levels of
temperature could occur sporadically during the 2050
climate and more frequently later in the century. More
detailed projections suggest that the 1°C increase de-
picted in the coolest Brickman et al. simulation would
reduce the spawning stock biomass of Gulf of Maine cod
that produces the maximum sustainable yield to 30,000
mt, slightly more than half the current estimate (Pershing
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et al,, 2015). Warming above 2°C as in the warmest projec-
tions for 2050 would reduce the number to 20,000 mt.
While much lower than historical production, these values
would represent a marked improvement over the estimate
that currently there are only 5,000 mt of spawning Gulf of
Maine cod. The level of fishing that is sustainable also
declines with rising temperature. At 2°C of warming, the
stock has been predicted to go extinct at fishing mortality
rates in excess of 1.6 yr', a level which is sustainable
(though far from optimal) under a 1°C increase in tem-
perature (Fogarty et al., 2008).

While cod has traditionally been the most important
fishery in the Gulf of Maine, the lobster fishery is currently
the most valuable fishery in both the United States and
Canada. Le Bris et al. (2018) estimated the future trajec-
tory of lobster in the Gulf of Maine. Their study used the
CMIP5 RCP8.5 ensemble, which has temperature changes
of 1°C to 2°C by 2050. At these levels of warming, lobster
abundance in the Gulf of Maine will decline 42%—-62%
relative to the recent peak in abundance. This decline
would imply a scale of the fishery similar to what existed
around 2000. However, the spatial distribution could be
different, with higher recruitment in the eastern Gulf of
Maine/Bay of Fundy and reduced recruitment in the west-
ern Gulf of Maine and on the Scotian Shelf.

As climate drives shifts in the spatial distribution of
predators relative to their prey, trophic interactions will
likely amplify the direct effects of climate warming. Under
a CO, doubling scenario (e.g., Saba et al., 2016), spiny
dogfish (S. acanthias) and silver hake (M. bilinearis) are
predicted to expand their range over the Northeast Shelf,
including in the Gulf of Maine. Range expansion of these
predators would result in enhanced overlap with prey,
likely increasing their relative importance and replacing
cod as piscivores in the U.S. Northeast Shelf ecosystem
(Selden et al., 2018). For the next 50 years, the combined
climate effects associated with changes in temperature
(increasing by about 1°C), pH, oxygen, decreased primary
productivity, and shifts in zooplankton size structure, the
western Scotian Shelf is projected to experience a reduc-
tion in biomass of 19%-29%, an associated decrease in
catches of 20%—-22%, and a 50% decrease in exploitation
rate (Guénette et al., 2014).

Changes in suitable thermal habitat of important com-
mercially fished species will impact local fishing commu-
nities and may affect major fishing ports (Colburn et al.,
2016; Kleisner et al., 2017). Assessments of fishing com-
munity vulnerability to changes in their target species
indicate that many communities in the U.S. portion of the
Gulf of Maine will experience declines in future fishing
opportunities based on current fishing patterns by mid-
century (Colburn et al., 2016; Rogers et al., 2019). How-
ever, risk is not shared equally among communities. For
example, small trawlers in Maine are more vulnerable
than other gear types because of their historical depen-
dence on species that are expected to lose habitat suit-
ability in the future, such as Atlantic cod and witch
flounder (Rogers et al., 2019). In general, communities
that are highly dependent on a low diversity of species—
characteristics of many Gulf of Maine fishing
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right whale

herring

lobster

black
sea bass

Figure 4. Schematic of the past, present, and future of the Gulf of Maine ecosystem. The graphic depicts the ecosystem
circa 1985 (left) and 2015 (center) and plausible conditions in 2050 (right). While conditions were cool in 1985,
several subpolar species including herring, right whales, and puffin were at low levels due to human actions and
natural variability. By 2015, several temperate species depicted by squid and black sea bass were becoming more
common in the Gulf of Maine. Under a moderate warming scenario, many of the subpolar species will have declined
and will be declining (down arrows), while temperate species are increasing. If laws in the United States and Canada
are followed, right whale abundance should be increasing, but they will likely be moving out of the Gulf of Maine
(horizontal arrow). Note that the numbers of icons are not tied to any quantitative assessment but are meant to show
only relative change between time periods. DOI: https://doi.org/10.1525/elementa.2020.00076.f4

communities—are expected to be at greatest risk of nega-
tive impacts associated with climate change (Colburn et
al., 2016). Even communities with fisheries that may ben-
efit from warming can be impacted by climate change in
other ways. For example, lobster fishing communities
in Atlantic Canada are projected to experience increases
in lobster, but vulnerabilities to other climate-related fac-
tors, such as sea level rise, will shape community impacts
and adaptation needs (Greenan et al., 2019).

Fishers view warming waters as associated with
decreased fishing opportunities, indicating that fishing
communities are currently finding the prospect of climate
adaptation difficult (McClenachan et al., 2019a). However,
many do have plans to adapt. For example, Maine lobster
fishers indicated that strategies for adaptation include
fisheries diversification; supplementing income with non-
fishing activities; changing gear use, location, or timing;
and becoming more involved in fisheries management
and local politics (McClenachan et al., 2019b). However,
adaptation is constrained by social, economic, and histor-
ical factors (Pinsky and Fogarty, 2012). For example, only
12% of Maine fishers have license holdings that would
allow them to access species that are emerging in the Gulf
of Maine now and projected to increase in the future (Stoll
et al,, 2017).

For sustainable commercial fisheries management,
warming-induced distribution shifts, productivity changes,
and diversity trends should be closely monitored. At the
population level, simulation studies show that changes in
mortality rates exert particularly strong effects on spawn-
ing biomass and catch targets, while maturity and recruit-
ment also influence fishing mortality targets (Thorson et
al,, 2015). Incorporating both fishing and climate impacts
will be important when evaluating the efficacy of manage-
ment strategies and developing novel solutions to emerg-
ing problems. In addition, as climate change impacts
transboundary species distributions and access by neigh-
boring coastal communities in Canada and the United
States, effective bilateral cooperation between scientists
and fishery managers in the two countries is required in
the pursuit of sustainable fisheries in the Gulf of Maine
(VanderZwaag et al., 2017).

Interdisciplinary case studies

The description above highlights the potential impact of
warming on important species or components of the eco-
systems (depicted in Figure 4). Here, we consider four
case studies that emphasize connections within the eco-
system or between the ecosystem and people. These case
studies were presented as socio-ecological scenarios for
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Gulf of Maine 2050 Symposium participants to envision
how the ecosystem might look in 30 years.

Case study: Seabirds

A variety of seabirds nest in large colonies during summer
on nearshore and offshore islands located along the Gulf of
Maine coastline. Notable species include common, roseate,
Arctic, and least terns (Sterna sp.) and alcids such as Atlantic
puffins (Fratercula arctica) and razorbills (Alca torda). Sea-
birds remain close to these islands during the critical period
when they breed and raise their young. They are therefore
highly dependent on the timing and spatial occurrence of
forage resources around these islands as they can only hunt
within a limited radius to provision food for their growing
chicks. For many of these species, the Gulf of Maine is the
southern edge of their biogeographic range.

Long-term diet data of common, roseate, Arctic, and
least terns (Sterna sp.) show that they have specialized
historically on a few key forage fishes, including sand
lance, Atlantic herring, and hake (Urophycis sp., Merluc-
cius sp., and Enchelyopus sp.; Hall et al., 2000; Yakola,
2019). This specialization makes these species more vul-
nerable to shifts in foraging conditions mediated by cli-
mate change. Over the last 30 years, at most locations,
hake have been generally declining in common tern
diets, while sand lance has been increasing at varying
magnitudes. The occurrence of hake in common tern
diets appears to be most sensitive to changes in seasonal
timing (earlier onset of spring) and seasonal sea surface
temperatures (Yakola, 2019).

Atlantic puffins act as a tourism magnet wherever they
occur and support a substantial bird watching industry,
especially in Maine. Puffin breeding phenology is sensitive
to sea surface temperature at a North Atlantic scale (Dia-
mond and Devlin, 2003). Puffin chick diets have changed
significantly since 2000 (Scopel et al., 2019), correspond-
ing with reductions in a variety of demographic indicators
(occupancy, breeding success, chick growth, and fledging
condition) since 2005 in eastern (Whidden, 2016; Dia-
mond, 2017) and 2010 in western colonies (Kress et al.,
2016). A shift in 2010 to generally warmwater prey coin-
cided with a shift in plankton communities, nutrient con-
centrations, increased stratification, and above-average
ocean temperatures on the Scotian Shelf at the entrance
to the Gulf of Maine (Johnson et al., 2018). Juvenile her-
ring dominated puffin diets in the late 1990s but were
largely replaced by sand lance (Ammodytes spp.), often as
larvae, and white hake, and since 2010 by juvenile had-
dock (M. aeglefinus) and Acadian redfish (S. fasciatus).

Temperatures in 2012-2013 and 2016 were close to
2°C above normal, roughly the anomaly expected in
2050, allowing experiences in these years to be used as
an analogue for 2050. Breeding success was catastrophi-
cally low in 2013 and 2016 (Kress et al., 2016; Scopel et al.,
2019). Prey availability and puffin hunting abilities are
clearly important; as temperatures increase, prey will
move into deeper waters to find thermal refuge (Pinsky
et al., 2013) and can be more difficult for puffins to catch
because fish increase their burst speed in warmer water
(Cairns 1998; Grady et al., 2019). Reduced breeding
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success and condition of fledgling chicks is a potential
consequence that can reduce the recruitment of young.
As long-lived birds with high annual survival (89%-96%;
Breton and Diamond, 2014) populations may not decline
measurably for some time despite extremely low repro-
ductive success.

Case study: Lobsters

American lobster supports commercial fisheries worth
over $US1.2 billion in the Northeast United States and
Maritime Canada (2016 values in $US: Fisheries and
Oceans Canada, 2019; NOAA Fisheries, 2019). These fish-
eries provide income and sustain cultural identities for
many small coastal communities. Rising ocean tempera-
tures have affected the productivity, abundance, and dis-
tribution of American lobster. In the United States,
warming ocean waters have contributed to declines in
southern New England and increases in Gulf of Maine
lobster populations (Le Bris et al., 2018). These divergent
trajectories have been attributed to a reduction in thermal
habitat for juvenile lobsters (<20°C) in the south and an
expansion in the Gulf of Maine (Steneck and Wahle, 2013;
Wahle et al., 2015; Tanaka and Chen, 2016), increased
prevalence of epizootic shell disease in the south (Glenn
and Pugh, 2006; Oppenheim et al., 2019), and a northward
shift in recruitment success (Le Bris et al., 2018; Goode et
al,, 2019). As a result of changes in productivity and abun-
dance, the centroid of the spatial distribution of American
lobster has shifted northward (Pinsky et al., 2013).

While warming trends have influenced the population
dynamics of lobster, lobster fisheries were also substan-
tially affected by a marine heat wave in 2012. During this
heat wave, sea surface temperature was 1°C—3°C warmer
than the long-term average—and on par with end-of-
century climate projections (Mills et al., 2013). As tem-
peratures warmed earlier in the spring, high-volume
landings in the U.S. fishery began so early that they over-
lapped with the Canadian lobster season. Transportation
and processing capacity could not keep pace with land-
ings, and ultimately, a flood of product led to a price
collapse that affected both U.S. and Canadian fisheries
(Mills et al., 2013).

Empirical species distribution models give a range of
predictions for how lobster distribution may change in the
future. Multiple species distribution models indicate that
suitable thermal habitat for lobsters in Gulf of Maine and
Canadian Maritime waters will increase (Shackell et al.,
2014; Kleisner et al., 2017; Morley et al., 2018; Greenan
et al., 2019; Tanaka et al., 2020), but one study projects
modest biomass declines over the distribution of lobster
in the Gulf of Maine (Allyn et al., 2020). These studies vary
substantially in the data sources and algorithms used to
build and validate the models and in the warming scenar-
ios used. Despite these differences, they generally project
distribution shifts of lobster toward the north and into
deeper offshore waters under future conditions. To date,
the only population projection for lobster that explicitly
considers temperature effects on growth, mortality, and
recruitment shows that with continued warming, the Gulf
of Maine lobster population is projected to decline by
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approximately 50% between now and 2050 under the
mean warming associated with the RCP 8.5 climate sce-
nario (Le Bris et al., 2018). Given the economic and cul-
tural importance of this fishery, reconciling these different
views of the future of lobster in the Gulf of Maine should
be a high priority.

Case study: Squid

The longfin squid and shortfin squid (/llex illecebrosus) have
supported important fisheries from Cape Hatteras to Cape
Cod for decades (Arkhipkin et al., 2015). Squid fisheries are
notoriously “boom and bust” due to the species’ sensitivity
to environmental and ecosystem conditions (Rodhouse et
al,, 2014). Distribution and abundance of both species var-
ies from year to year along the continental shelf (Black et
al,, 1987) and have been linked to water temperature and
circulation at multiple spatiotemporal scales (Dawe et al.,
2007; Manderson et al., 2011).

Longfin squid have experienced episodic northward
distributional shifts in the past (Dow, 1977; Dawe et al.,
2007), and in recent years, they have been occurring in
harvestable abundances northward of the historical range
of the fishery, including within the Gulf of Maine during
very warm Years (Mills et al., 2013). Shortfin squid land-
ings nearly quadrupled between 2016 and 2017 and have
remained relatively high since (NOAA Fisheries, 2019),
and fishermen and beachgoers have reported large num-
bers of the species in nearshore waters and stranded on
beaches in the Gulf of Maine (O. Nichols, personal com-
munication, 2019). This increased abundance is also re-
flected in the diets of many commercially important
large pelagic fishes (e.g., tunas) that forage in offshore and
Gulf Stream waters (Teffer et al., 2015). We note that this
study did not include data after 2010. Given the reported
increase in squid in this region, they may likely be an even
more important part of the diet of predators.

In general, warming temperatures associated with cli-
mate change can be beneficial for squid populations due
to plasticity in life history and temperature-dependent
growth (provided there is no limitation in food). Notably,
many squid species are able to rapidly shift their distribu-
tions in response to warming. The sudden appearance of
longfin squid in the Gulf of Maine during the 2012 heat
wave is similar to the rapid northward expansion of Hum-
boldt squid during El Nifio conditions (Zeidberg and Ro-
bison, 2007) as well as the episodic northward range
extensions of the sympatric Doryteuthis opalescens along
the U.S. West Coast (Wing and Mercer, 1990). Squids have
also expanded northward in the northeast Atlantic (van
der Kooij et al., 2016).

Increases in squid abundance in the Gulf of Maine will
have implications for both predators and prey. Predicting
the future ecological role of squids in the Gulf of Maine
ecosystem is difficult, but they serve as a conduit between
upper and lower trophic levels and are important as for-
age for a variety of marine species, including many of
commercial importance (Staudinger, 2006; Staudinger
and Juanes, 2010; Teffer et al., 2015) as well as of conser-
vation concern (Staudinger, 2006; Staudinger et al., 2014).
In bioenergetics terms, smaller squid function optimally at
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higher temperatures (Pecl and Jackson, 2008), while in
a trophodynamics context, larger squid tend to demon-
strate higher rates of piscivory and have the potential to
exert strong top-down control on prey populations (Hun-
sicker and Essington, 2006). Predators that benefit from
increased temperatures through increased consumption
rates, like squid, can have major impacts on food webs
and raise concerns for their potential to cause trophic
cascades. An updated analysis of consumption of squid
and other major prey groups using long-term food habits
data series (e.g., Northeast Fisheries Science Center bot-
tom trawl; Smith and Link, 2010) could provide additional
insights into recent trends.

The primary means of squid harvest is small-mesh trawl
gear, which can result in high levels of bycatch (Hendrickson,
2011). Should squid distribution shift further into the Gulf of
Maine, this may present new fishery management chal-
lenges, including the need to manage bycatch in the squid
fishery. Squid processing requires substantial shoreside infra-
structure, of which there is currently little in Gulf of Maine
ports. Expansion of squid fishing in this region will require
new investments in such infrastructure to adapt and take
advantage of future regional increases in this species that
is likely to benefit from continued warming.

Case study: Right whales

North Atlantic right whales (E. glacialis) are among the
most endangered marine mammals in the world, with only
around 400 individuals remaining (Pettis et al., 2018).
Marine mammal surveys (Cetacean and Turtle Assessment
Program, 1982; Mayo et al., 2004; Brown et al., 2007; Cole
et al., 2007) established that all core right whale feeding
habitats are in and around the Gulf of Maine. Ecosystem
studies have revealed that the predictable seasonal occur-
rence of right whales is linked to high concentrations of
their prey, the lipid-rich Calanus and other copepods (Mayo
and Marx, 1990; Baumgartner et al., 2003; Pendleton et al.,,
2009). Recovery efforts have focused on reducing human-
caused mortality due to ship strikes and fishing gear en-
tanglements. Conservation measures have included moving
shipping lanes away from right whale core areas, establish-
ing speed limits for large vessels, and modifying fishing
gear. These measures have been applied in a manner that
follows the annual migratory path of right whales, from
one Gulf of Maine feeding habitat to another. Reduced
mortality due to improved management (Laist et al.,
2014) and increased calf production associated with ele-
vated Calanus abundance (e.g., Meyer-Gutbrod et al.,
2015) allowed the population to build from 350 whales
in the late 1990s to over 400 whales.

In 2010, a shift occurred. Right whale occurrences in
the Bay of Fundy feeding habitat in the eastern Gulf of
Maine dropped sharply (Davis et al.,, 2017). The drop in
right whales coincided with a decline in Calanus in the
eastern Gulf of Maine, which was strongly correlated with
warming in deep waters entering through the Northeast
Channel beginning in 2010 (Record et al., 2019b). These
climate-driven circulation changes have undermined a pre-
viously reliable feeding habitat for right whales. The right
whale population has responded by moving to other areas
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during this time of year, presumably to find other feeding
grounds. Their appearance in areas where protective mea-
sures are not in place, such as the Gulf of St. Lawrence, has
led to a sharp increase in mortalities (Davies and Brilliant,
2019). Meanwhile, calving rates have also declined, as
whales struggle to find new feeding grounds (Meyer-
Gutbrod and Greene, 2018). The result is that since
2010, after many years of slow population growth, the
right whale population has been in steady decline (Kraus
et al., 2016; Pace et al., 2017).

Maintaining right whale protections as conditions
change is a challenge. The loss of a reliable seasonality
to their habitat use has made management actions reac-
tive rather than proactive. Protective measures sometimes
have economic impacts on fisheries, such as the New Eng-
land lobster fishery, and management now requires more
international cooperation than ever before. At the same
time, whales are not simply following an isotherm, but
rather hunting for good feeding grounds, which depend
on temperature, ocean productivity, and complex currents.
For example, a new spring feeding ground has appeared in
southern New England likely focused on the same coastal
copepod community that draws whales to Cape Cod Bay
(e.g., Pendleton et al., 2012).

Warming has already impacted right whale management,
and continued warming is likely to amplify the management
challenges. Projections of right whale distributions for the
year 2050, based on projected climate variables and Calanus
distributions, show a probable decline in right whale habitat
suitability across most of the Gulf of Maine, at least for sum-
mer and fall months (Ross et al., 2021). Under continued
warming, right whales may continue to expand their feeding
areas into the Gulf of St. Lawrence and potentially the New-
foundland Shelf and other parts of the North Atlantic (e.g.,
Ramp et al., 2015). However, given the potential for the
western Gulf of Maine to act as refugia for Calanus (Runge
et al.,, 2015) and the recent expansion into southern New
England, managing right whales will not be as simple as
shifting protections to the north.

Despite the challenges facing right whales, recovery is
still possible, even under strong warming, provided direct
human-caused mortality is severely curtailed (Meyer-
Gutbrod and Greene, 2018). For the right whale popula-
tion to recover, management protections will need to
cover the entire range of the species, which will need to
be established and adjusted. These protections could be
refined through dynamic management strategies (e.g.,
Pendleton et al., 2012; Becker et al., 2016). Crucially, these
measures will need to include changes to shipping and
fishing practices to reduce their impact on right whales.

Conclusions

The resulting environmental and ecological changes
described in this article have implications for the ecosystem
services that human communities and economies around
the Gulf of Maine depend on for food, livelihoods, recrea-
tion, heritage, and culture. Changes in the timing, distribu-
tion, and abundance of commercially and recreationally
important populations will affect their availability to the
fishing industry, in many cases, increase costs of operations
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(e.g., the distance and associated costs to travel offshore to
find and harvest the species). However, increased availabil-
ity of warmwater species such as black sea bass, summer
flounder, and longfin squid could provide new markets for
fishing communities if state and regional policies are able
to adapt to facilitate harvesting opportunities where and
when they occur relative to fishing ports.

Recreational and tourism industries will also experi-
ence changes based on whether certain activities diminish
or increase in duration (or are eliminated completely) due
to changing seasonal conditions. For example, ice fishing
for species like smelt may become less profitable as ice
cover decreases and reduces the time when activities can
occur. Conversely, wildlife viewing (e.g., whale watching
and seabirds) and recreational fishing opportunities may
increase with more pleasant summer and fall conditions
lasting longer. Still, if species of interest move out of
traditional areas and away from the region or if their
populations decline due to changes in forage and thermal
habitats, declines or shifts in tourism and recreational
opportunities may occur.

Importantly, tribal nations and other coastal communi-
ties that depend on climate-affected species will suffer
due to losses of economic and subsistence harvests (Jan-
tarasami et al., 2018). While possibilities remain for com-
munities to shift to new (warmwater associated) species as
they move into the region, many communities that iden-
tify with certain species or places will experience a loss of
heritage and culture that can further impact human
health and well-being in the region (Daigle et al., 2019).
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