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Projecting ocean acidification impacts for the Gulf
of Maine to 2050: New tools and expectations

Siedlecki, SA1,*, Salisbury, J2, Gledhill, DK3, Bastidas, C4, Meseck, S5, McGarry, K1,
Hunt, CW2, Alexander, M6, Lavoie, D7, Wang, ZA8, Scott, J6, Brady, DC9, Mlsna, I10,
Azetsu-Scott, K11, Liberti, CM9, Melrose, DC12, White, MM13, Pershing, A14,
Vandemark, D2, Townsend, DW9, Chen, C15, Mook, W13, and Morrison, R16

Ocean acidification (OA) is increasing predictably in the global ocean as rising levels of atmospheric carbon
dioxide lead to higher oceanic concentrations of inorganic carbon. The Gulf of Maine (GOM) is a seasonally
varying region of confluence for many processes that further affect the carbonate system including
freshwater influences and high productivity, particularly near the coast where local processes impart
a strong influence. Two main regions within the GOM currently experience carbonate conditions that are
suboptimal for many organisms—the nearshore and subsurface deep shelf. OA trends over the past 15
years have been masked in the GOM by recent warming and changes to the regional circulation that locally
supply more Gulf Stream waters. The region is home to many commercially important shellfish that are
vulnerable to OA conditions, as well as to the human populations whose dependence on shellfish species in
the fishery has continued to increase over the past decade.Through a review of the sensitivity of the regional
marine ecosystem inhabitants, we identified a critical threshold of 1.5 for the aragonite saturation state
(Oa). A combination of regional high-resolution simulations that include coastal processes were used to
project OA conditions for the GOM into 2050. By 2050, the Oa declines everywhere in the GOM with most
pronounced impacts near the coast, in subsurface waters, and associated with freshening. Under the RCP 8.5
projected climate scenario, the entire GOM will experience conditions below the critical Oa threshold of 1.5
for most of the year by 2050. Despite these declines, the projected warming in the GOM imparts a partial
compensatory effect to Oa by elevating saturation states considerably above what would result from
acidification alone and preserving some important fisheries locations, including much of Georges Bank,
above the critical threshold.
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Introduction
Ocean acidification (OA) is increasing predictably in the
global ocean as rising levels of atmospheric carbon diox-
ide (CO2) are absorbed by the ocean air–sea interface,
resulting in higher oceanic inorganic carbon concentra-
tions (Gattuso et al., 2015; Le Quéré et al., 2018;

Friedlingstein et al., 2019). Over time, ocean uptake of
CO2 perturbs the entire carbonate system, with a concom-
itant reduction in surface pH, carbonate ion (CO3

2–), and
carbonate saturations states (here, we focus on aragonite
saturation state or Oa; Bates et al., 2014). Since the begin-
ning of the 19th century, the pH of the world’s surface
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ocean has decreased by 0.1 units (Caldeira and Wickett,
2003; Orr et al., 2005; Doney et al., 2009), and further pH
reductions on the order of 0.2–0.3 units are predicted by
2100 under Intergovernmental Panel on Climate Change
(IPCC) AR2 scenarios (Feely et al., 2009) due to the pro-
jected increase in atmospheric CO2.

The carbonate system in coastal waters is impacted not
only by changes in atmospheric CO2 concentrations but
also by varying fluxes of dissolved inorganic carbon (DIC),
total alkalinity (TA), and nutrients derived from local and
remote processes. In the Northwest Atlantic, local pro-
cesses include low alkalinity river discharge (Salisbury et
al., 2008), atmospheric deposition of acidic and alkaline
compounds (Doney et al., 2007), sedimentary processes
(Fennel et al., 2008), and coastal eutrophication (Wallace
et al., 2014; Rheuban et al., 2019). Therefore, the Gulf of
Maine (GOM) is a region of confluence for many processes
that further affect the carbonate system. Two main regions
within the GOM currently experience suboptimal carbon-
ate conditions for many marine organisms (i.e., Oa < 1.5)—
the nearshore and subsurface deep shelf. In nearshore
regions, close to the coastline and less than 50 m in water
depth, for example, five large rivers discharge into the
GOM and mix with more saline waters in part due to the
large tides. In addition, acidic and alkaline compounds
from many of the coal-fired power plants upwind of the
GOM are deposited in the surface waters (Doney et al.,
2007) and watershed, and there is a south-to-north
decreasing gradient in both human population density
and eutrophication. The interannual to decadal variability
of large-scale, more remote circulation patterns, like the
Gulf Stream, Labrador Current, and Atlantic meridional
overturning circulation, delivers warmer, saltier waters
from the south or cooler fresher waters from the north,
all of which contribute to temporal and spatial variability
in the carbonate chemistry of the GOM. Seasonal variation
in the delivery of locally produced and imported organic
materials to subsurface deeper shelf offshore regions
(beyond 50-m isobaths) contributes to the variability in
biologically suboptimal conditions, which may be further
influenced by sedimentary processes (Wang et al., 2017).
Regional studies over the last decade have identified that
these drivers of acidification in the GOM (summarized in
the 2015 Maine OA Study Commission; Salisbury et al.,
2008; Wang et al., 2013; Strong et al., 2014; Gledhill et al.,
2015; State of Maine Legislature, 2015; Salisbury et al.,
2018), the relative contributions of each driver, and in
particular the mixing of water masses, remain poorly
understood.

Sutton et al. (2016) performed an analysis of GOM data
using the Pacific Marine Environmental Laboratory
(PMEL)/University of New Hampshire (UNH) Coastal CO2

Buoy D (43.02�N, 70.54�E, “Buoy D”) among other moor-
ings and, after adopting assumptions about past atmo-
spheric CO2 values, concluded that Oa had never
dropped below 1.6 in the GOM during preindustrial times.
That study also showed that during the period 2010–
2013, coastal GOM waters at Buoy D regularly and persis-
tently dipped below the preindustrial minima of Oa and
pH. This historical view and the observed impacts on

mollusk larvae (e.g., Salisbury et al., 2008; Waldbusser and
Salisbury, 2014; Ekstrom et al., 2015; Waldbusser et al.,
2015) informed our choice of the critical Oa threshold
of 1.5 in this study. The surface waters of the GOM at Buoy
D recently experienced conditions below that threshold
9% of the year using the Buoy D record spanning 2010–
2020, with peak exposure to low Oa in the winter months
(December–March; Figure 1). Nearshore, at the University
of New Hampshire Coastal Marine Lab (UNH CML) station
(43.07�N, 70.71�E), conditions existed below the
Oa threshold of 1.5 in the surface waters (Figure 1)
41% of the time over that same time period. The near-
shore CML location experiences more freshwater influ-
ence than Buoy D, which is about 18 km offshore
(Figure 2), and freshwater has a low Oa in this area due
to the low alkalinity content of local rivers (Hunt et al.,
2011). Despite the existence of some oyster growers
upstream, the area around the CML location was not an
area of prominent shellfish harvest over the observation
period presented here (2010–2019).

The history of direct high-quality carbonate chemistry
observations in the GOM is relatively short, and each
observational program provided for limited spatial and
mostly surface water coverage. The deployment of “Buoy
D” equipped with an MAPCO2 system (Sutton et al., 2019)
was one of the earliest observational efforts in the region.
In addition to this system, in 2004, UNH researchers
began monthly-to-seasonal transects in the Western GOM,
from shore to Wilkinson Basin (WB), making discrete mea-
surements of TA and DIC at various depths, as well as
partial pressure of CO2 (pCO2) in surface water. Regular,
GOM-wide, dedicated research cruises conducting near-
synoptic inorganic carbon sampling of the full water col-
umn along select transects did not begin until 2007. Since
then, these surveys have been repeated every 3–4 years
and are supplemented by annual seasonal surveys per-
formed as part of the NOAA National Marine Fisheries
Service Ecosystem Monitoring surveys and by individual
studies (e.g., Wang et al., 2017). Today, the observational
network has expanded and includes many subsurface ob-
servations (Figure 2) and community science-based sam-
pling events like “Shell Day” (Rheuban et al., 2021; Figure
2). Such direct observations have indicated that the least
buffered waters on the east coast of the United States
reside on the Northwest Atlantic shelves, which may make
them exceptionally susceptible to acidification (Wang et
al., 2013).

In an effort to extend the observational record back
several decades, Salisbury and Jönsson (2018) used surface
temperature and salinity outputs of a general circulation
model applied to empirical algorithms trained from the
Surface Ocean CO2(aq) Atlas (Bakker et al., 2016) and
informed by satellite chlorophyll to derive the estimates
of past OA conditions in the GOM. The analysis of a 34-
year reconstructed record (1981–2014) revealed decades
when the carbonate system was perturbed to an extent
greater than expected solely from atmospheric uptake of
CO2. In fact, recent temperature and salinity changes in
the GOM (between 2005 and 2014) appear to have par-
tially compensated for the effects of OA over the past
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decade by causing an increase in Oarag of 0.4 in surface
waters. The analysis also revealed markedly different
behavior between pH and Oar- -. The pH was found to
decline at a rate of –0.018 decade–1, driven primarily by
OA and was largely in agreement with global surface water
rates of decline over the past 30 years of –0.0013 to
�0.0025 per year (Bates et al., 2014). The OA effect on
Oa, on the other hand, is partially obscured by increased
temperature and buffering by higher salinity waters enter-
ing the GOM (Salisbury and Jönsson, 2018). The differing
responses of individual carbon variables, such as pH and
Oar, to changes in temperature and salinity can lead to
varying seasonal amplification or attenuation in these
variables globally, which can also impact trends (Kwiat-
kowski and Orr, 2018; Jiang et al., 2019). Using this

reconstructed time series, Salisbury and Jönsson (2018)
estimated the “time of emergence” or the time required
for the atmospheric CO2 signal to emerge from back-
ground natural variability. They found that observing a dis-
cernible OA signal in pH may require 30 years of sustained
measurements and up to a century to observe the OA
signal in Oarag (Salisbury and Jönsson, 2018). Despite these
long emergence times, nearshore and offshore GOM re-
gions influenced by local rainfall, freshwater, and respira-
tion are already experiencing event-scale reductions in
Oa considered suboptimal for many marine organisms.

In the future, OA is projected to cause global annual
economic losses up to US$100 billion due to decreased
shellfish production, based on the use of the highest CO2

emission scenarios for 2100 (in this case scenario A1B) by
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Figure 1. Surface Oa variability nearshore and midshelf in the Gulf of Maine. Hourly salinity (top) and aragonite
saturation state (Oa, bottom) measured at the University of New Hampshire Coastal Marine Lab (CML, gray line;
43.07�N, 70.71�E) and the Pacific Marine Environmental Laboratory/University of New Hampshire Coastal CO2 Buoy
D (green line; 43.02�N, 70.54�E). The Oa values were calculated from in situ measurements of salinity, water
temperature, partial pressure of carbon dioxide (pCO2), and total alkalinity modeled from salinity and water
temperature using an empirical model (McGarry et al., 2021). The red dashed line in the lower panel represents
the threshold of 1.5. Calculations were performed using the CO2SYS program (van Heuven et al., 2011) with the K1
and K2 constants of Millero (2010), the KSO4 of Dickson (1990a, 1990b), and KB of Uppstrom (1974). The variability at
the CML location exceeds that at the Buoy D location approximately 11 km further offshore. The conditions at CML
are also more severe. Both of these observations are consistent with the increased presence of freshwater at CML
(upper panel), which in this region is known to be suboptimal for marine organisms. DOI: https://doi.org/10.1525/
elementa.2020.00062.f1
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the IPCC to drive spatially coarse resolution global models
(Narita et al., 2012). Although oceanographic, social, and
economic variability all dictate that the impacts of OA will
not be uniform, New England is increasingly dependent
on shellfisheries (Figure S1; Gledhill et al., 2015). Large-
scale and regional studies show that the combination of

global and local drivers of acidification of the waters off
New England makes its shellfisheries, both the predomi-
nantly offshore wild harvest fisheries and predominantly
nearshore aquacultural production, potentially among the
most vulnerable to OA in the United States (Ekstrom et al.,
2015, Gledhill et al., 2015), with socioeconomic

Figure 2. Map of existing carbonate system observations in the Gulf of Maine. Existing capacity for monitoring ocean
acidification through carbonate system observations in the Gulf of Maine and New England region for surface (upper
panel) and subsurface (lower panel) waters, updated from Gledhill et al. (2015). Carbonate system monitoring by
buoys and vessels, as well as approximate cruise tracks and sampling waypoints, is color coded according to the
frequency of occupation. “Shell Day” (August 2019) monitoring locations represent a single-day monitoring blitz and
are therefore color coded gray (Rheuban et al., 2021). See Table S3 for observations depicted including parameters
measured, sampling frequency, depth, and projects. DOI: https://doi.org/10.1525/elementa.2020.00062.f2

Art. 9(1) page 4 of 29 Siedlecki et al: Projecting ocean acidification for the Gulf of Maine to 2050
D

ow
nloaded from

 http://online.ucpress.edu/elem
enta/article-pdf/9/1/00062/462357/elem

enta.2020.00062.pdf by guest on 07 June 2021



consequences for the communities that rely on these
industries. This vulnerability to OA also has implications
for the shellfisheries and shellfish-dependent communi-
ties of Atlantic Canada. Regional economic and vulnera-
bility analyses, focused on the scallop industry and scallop
landings in Massachusetts, found that OA is projected to
threaten tens of thousands of jobs and cause hundreds of
millions of dollars in losses during the 21st century (Cool-
ey and Doney, 2009; Cooley et al., 2015; Ekstrom et al.,
2015; Rheuban et al., 2018).

Global projections with spatial resolution of a degree or
more, relied upon by the IPCC, cannot resolve coastal
processes with complex feedbacks known to be important
to the regional evolution of the OA signal. Some high-
resolution global projections have been developed which
perform well in some coastal settings (Saba et al., 2016;
Alexander et al., 2020) but lack regional biogeochemical
processes which can amplify or dampen these global
changes, particularly in coastal shelf regions like the GOM.

Here, we use a combination of regional high-resolution
simulations that include coastal processes to project OA
conditions for the GOM in 2050 and consider what this
projection portends for its ecosystems with a particular
focus on the nearshore and subsurface environments.
First, we review the science specific to acidification of
coastal waters (nearshore to shelf break) extending from
the Canadian Scotian Shelf southward to the northern
reaches of the Mid-Atlantic Bight. Next, we review what
is known about the sensitivity of the regional ecosystem
inhabitants with a focus on those of socioeconomic value
to the region. We then describe the methods employed to
compute trends and provide a suite of regional projec-
tions. Finally, we discuss the results of the projections and
their implications for GOM ecosystems.

Background relevant to OA in the GOM

The GOM is a productive temperate continental shelf sea
bounded by Cape Cod to the west, Georges Bank to the
south, and Nova Scotia to the northeast. It is well known
for its large semidiurnal tides and their resulting impact
on mixing and also for the high commercial value of its
fish and shellfish landings. It is separated from the open
northwest Atlantic by both Georges and Browns banks.
Considerable control on seasonal to interannual circula-
tion patterns is exerted via shelf–sea exchange through
the narrow northeast channel (NEC), which separates
Georges and Browns banks and by the fresher coastal
source waters from along the Scotian Shelf (Townsend,
1991; Pringle, 2006). The GOM has an average tidal range
> 3.0 m and experiences large seasonal amplitudes in
surface salinity (Geyer et al., 2004), net primary produc-
tivity (O’Reilly et al., 1987), sea surface temperature (SST)
and pCO2 (Vandemark et al., 2011). The key circulation
feature influencing the region is the Maine Coastal Cur-
rent, which flows counterclockwise and delivers freshwa-
ter and constituents from the northeast GOM to the
southwest GOM (Pettigrew et al., 2005).

Physical processes that deliver and mix the nutrient
pools supporting the GOM ecosystem (e.g., strong tides,
wind-driven mixing, large annual ranges in temperature

and salinity) also generate thermodynamic variability in
carbonate system parameters at diurnal through annual
scales. Further, such processes contribute to an intense
annual cycle of CO2, whereby disequilibrium with the
atmosphere is partially balanced by an air–sea flux of
CO2 (Shadwick et al., 2011; Vandemark et al., 2011; Wang
et al., 2017). The degree to which physical variability can
modify OA in the GOM is substantial (Salisbury and Jöns-
son, 2018). In a climatological study using data from 1950
to 2013, the GOM recorded an intraannual SST range of
5 �C–15.5 �C and salinity range of 31.5–32.5 (Richaud et
al., 2016). The annual temperature range alone elicits a sig-
nificant change in the carbonate system. For example,
assuming the approximate mean GOM salinity (32.2), the
mean TA (2,184 mmol kg–1) and an atmospherically equil-
ibrated seawater surface pCO2 (400 uatm), temperature
variability causes an annual increase of 0.013 in pHTOT

(pH total scale) and 1.06 in Oa.
Within the GOM, the period spanning 2003–present

(the period for which moored data exist via the Northeast
Regional Association of Coastal Ocean Observing Systems)
has been characterized by temporally coherent oceano-
graphic phases that last on the order of 1–3 years. These
phases result from periods of primarily warm slope-water
intrusions into deeper layers of the GOM, bringing warm
and salty high-nutrient waters, followed by episodes of
increased shelf-water fluxes from the Scotian Shelf that
bring colder and fresher low-nutrient waters to the GOM
(e.g., Townsend et al., 2014, 2015). Beginning in about
2008, the GOM entered an extended warm and salty
phase, which was an important contributor to the anom-
alously warm surface waters reported by Pershing et al.
(2015). However, in the last 7 years, since 2013, greater
short-term variability has been observed, with some of the
coldest (and freshest) and warmest (and saltiest) episodes
in the more than 15-year moored record. The timing of
these water mass fluxes and associated surface tempera-
ture changes maintained by atmospheric heat flux (Chen
et al., 2014, 2018) have combined to produce short-term,
rapid warming of surface waters in the Gulf (on the order
of 0.15 �C y–1) as reported by Pershing et al. (2015). Such
water mass fluctuations may be related to changes in the
Labrador Current (Townsend et al., 2010, 2015; Mountain,
2012; Claret et al., 2018) and a northerly shift of the Gulf
Stream as described in Saba et al. (2016; also see Grodsky
et al., 2017). Although the majority of the warming trend
over the period 1982–2018 can be attributed to natural
variability, a third of the trend has been attributed to
anthropogenic warming (Chen et al., 2020).

Seasonal variability in the carbonate system of the
water column in the GOM is affected mostly by and
synchronized largely with the seasonal progression of
stratification overturn, primary production, respiration–
remineralization, and water mixing (Wang et al., 2017).
Different processes may alternate to exert the main con-
trol on the variability at certain times of the year (Wang et
al., 2017). In the winter, saturation states at the surface are
at their lowest (Figure 1) and the water column is well
mixed. Subsequently, spring blooms draw down carbon at
the surface subsequently raising the Oa, while at the same
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time, the freshet arrives bringing stratification and low
Oa waters to the surface. Over the summer, surface waters
warm and stratification continues to isolate the bottom
waters, while circulation changes act to retain local
organic material in subsurface waters where remineraliza-
tion of that material draws down saturation states. The fall
brings increased storms,precipitation,mixing, andadecline
in saturation states near the surface as seasonal trends cool
the surface and reduce productivity. Overall, photosynthe-
sis–respiration is the main driver controlling the seasonal
variability of Oa (Wang et al., 2017). Less is known about
subsurface seasonal patterns. Interannual variability in the
system is primarily governed by the magnitude of ocean
productivity and by the relative supply of differing water
sources from regional currents. Waters sourced from the
Labrador Current and Gulf of St. Lawrence have lower car-
bonate ion concentrations (and thus lowerOa) versus those
supplied by the higher salinity Gulf Stream. Within the
GOM, these waters are subsequently modified by reminer-
alization and respiration as well as riverine inputs (Wannin-
khof et al., 2015; Wang et al., 2017).

Sensitivity of GOM fauna to OA

Many marine species are likely to be affected by projected
OA conditions in 2050. Evidence supporting the effects of
OA on commercially important marine bivalves is clear
(Gazeau et al., 2013; Waldbusser and Salisbury, 2014), and
more information continuously becomes available for
other groups such as crustaceans and fish (e.g., Dixson
et al., 2010; Keppel et al., 2012; Long et al., 2016a;
Rodriguez-Dominguez et al., 2018). These data indicate
that acute or chronic responses are observed between
Oa of 1.0 and 2.0. The response is species-dependent, but
Oa ¼ 1.5 is a conservative estimate of when physiological
effects have been observed and as such will be referred to
as suboptimal conditions for marine organisms (i.e., Oa <
1.5). The physiological effects of OA on life stages and
populations of particular species are typically better
understood than the ecological consequences at ecosys-
tem levels. Similarly, the short-term effects of Oa, pH, and
buffering capacity on marine organisms have been better
characterized than their long-term effects. Thus, a unified
understanding of long-term combined effects of OA with
accompanying changes in temperature, circulation pat-
terns, freshwater inputs, and productivity, among other
factors that are also projected to change in the region, is
still lacking.

In the GOM, there has been progress in understanding
the effects of carbonate chemistry in key fisheries and
aquaculture industries, such as those that target the Amer-
ican lobster, Eastern oyster, and Atlantic sea scallop (re-
viewed by Gledhill et al., 2015). However, this progress
falls short when considering the number of shell-
forming species with high and very high climate vulnera-
bility on the Northeast U.S. continental shelf (Hare et al.,
2016), their complex life cycles, and the interactions of
environmental factors. Table 1 of Gledhill et al. (2015)
summarizes the acidification studies of seven commer-
cially important species of the New England/Nova Scotia
region, including the American lobster, four species of

bivalves, the summer flounder, and the Atlantic longfin
squid. Studies on approximately 140 additional species
living in or related to species living in the region are also
available (Table S1 in Gledhill et al., 2015). Here, we
included more than 60 studies, conducted with species
from the GOM since 2015 and focused on commercially
important species (Tables S1 and S2). Below, we discuss
the highlights from these recent studies in the context of
prior results discussed in previous efforts (e.g., Gledhill et
al., 2015; Hare et al. 2016).

Fisheries in the GOM rendered over US$1.2 billion in
2017 in the United States alone, with 74% of the total
landings composed of crustaceans and bivalves. These two
groups have been identified as highly susceptible to OA
and temperature increases, and both have complicated life
histories with their larval stages primarily pelagic and
adult stages mostly benthic. American lobster is currently
the highest value fishery in the United States and Canada
and the top species landed by weight and revenue in the
region, with US$551 million harvested from the U.S. GOM
in 2017 (NOAA Fisheries, 2019), 1.42 billion CDN in Atlan-
tic Canada in 2018, with New Brunswick and Nova Scotia
contributing a landed value of 1.06 billion CDN, of which
US$730 million were harvested from Nova Scotia (Depart-
ment of Fisheries and Oceans, 2018, Zonal Interchange
File [database], Ottawa, accessed August 4, 2020).
Although American lobsters have been observed in waters
as deep as 800 m, the majority of landings occur from
waters shallower than 80 m in the GOM (Tanaka and Chen,
2016; Oppenheim et al., 2019).Warming effects in lobsters
have been studied extensively (e.g., Rheuban et al., 2017;
Jaini et al., 2018; Boavida-Portugal et al., 2018). In Table
S1, we included recent studies examining the effects of OA
alone or both OA and warming in different life stages,
often at experimental CO2 levels higher than projected
for 2050. Larval studies up to Stage IV of development
found that warming had a greater adverse effect than
increased pCO2 alone (Waller et al., 2017) and when com-
bined, increased temperature and pCO2 altered dry mass,
carapace length, swimming speed, feeding rates, and sur-
vival of lobsters. On the other hand, experiments with
older larvae (Stage V) to juveniles found increases in mor-
tality, slower development, and increases in aerobic capac-
ity under increased pCO2 alone (Menu-Courey et al., 2019).
Similarly, McLean et al. (2018) found that increasing pCO2

resulted in decreases in length and biomass, longer inter-
molting periods, and more susceptibility to shell disease
in juvenile lobsters. Juvenile lobsters also showed immu-
nosuppression and reduced cardiac performance when
exposed to increased pCO2 and acute thermal stress for
60 days (Harrington and Hamlin, 2019). These recent stud-
ies further support detrimental physiological responses to
increased OA for different life stages of the American
lobster, which will be exacerbated by accompanying
warming conditions.

In GOM, bivalves accounted for 36% of the total U.S.
landings revenues in 2017, with the Atlantic sea scallop
yielding US$341 million (28%) followed by the eastern
oyster yielding US$35 million (3%). In Canada, the sea
scallop fisheries for Nova Scotia and New Brunswick
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combined yielded US$164 million CDN, while eastern oys-
ter aquaculture for the same regions yielded US$20 mil-
lion CDN (Statistics Canada. Table 32-10-0107-01
Aquaculture, production and value. Retrieved November
22, 2019). The majority of their adult benthic habitat oc-
cupies the nearshore and shallow shelf regions of the
GOM, except for Atlantic sea scallops that reside further
offshore with a regional hot spot around Georges Bank.
Recent integrated assessment models for the Atlantic sea
scallop (Cooley et al., 2015; Rheuban et al., 2018) suggest
that under different CO2 emission scenarios and different
impact and management conditions, sea scallop biomass
could be reduced between 13% and 50% by the end of
the century (Table S1). These projections and the high
revenue underscore an urgent need for laboratory and
field research on how sea scallops respond to OA
and increased water temperature, so that the industry and
managers can respond accordingly to maintain sustain-
able stocks. Similarly, the Atlantic surfclam is another
commercially prized species, with ample distribution from
Canada’s Gulf of St. Lawrence to North Carolina in the
United States, that has already shifted northward in its
distribution (Timbs et al., 2019), but studies of its response
to OA have begun only recently (Pousse et al., 2020; Me-
seck et al., 2021; Table S1).

In comparison with scallops and surfclams, eastern oy-
sters are better studied, and their response to OA varies
across life stages, with early stages typically being more
susceptible than adults (Table S1). Other bivalve species
such as soft-shell clams and mussels have also shown this
pattern (Tables S1 and S2). Although there are more stud-
ies on early life stages, a few recent studies of the eastern
oyster Crassostrea virginica have examined the short-term
effects of OA on adults and found minimal change in
length or in gaping behavior (Table S1). Both studies of
adults in Table S1 involved experiments of relatively short
duration, and calcite in adult shells has less corrosivity
than aragonite in larval shells in general. Although gaping
behavior in adult oysters did not seem affected, research
on other adult bivalves, such as blue mussels, bay scallops,
and hard clams, has shown detrimental effects with
reduced growth rates and tissue weights when exposed
to OA (Table S1). Less frequent field experiments also
support adverse OA effects in bivalves as evidenced by
reductions in settlement rates when low pH conditions
prevail in sediments for Mya arenaria and Nucula spp
(Table S1). An increased repertoire of studies, including
more species, different life stages, multiple concurrent
stressors, field and lab experiments, modeling projections,
transgenerational observations (Griffith and Gobler, 2017),
and potential for mitigation in multispecies studies
(Young and Gobler, 2018), have considerably improved the
understanding of potential responses to OA for individual
bivalve species in the GOM.

Several studies from the region have also highlighted
the complex response of finfish to OA (Tables S1 and S2).
Atlantic sea herring (Clupea harengus) is an important
commercial and keystone species at the base of the food
web in marine ecosystems in the GOM. Studies on the
effects of OA on swimming behavior, energetic costs, and

survivorship of this species have yielded contrasting re-
sults (Table S1). This variability suggests that different po-
pulations in the region might vary in their response to OA,
which should be explored further (Leo et al., 2018). Sim-
ilar to results from bivalve species above, studies on the
forage fish Atlantic silverside (Menidia menidia) and
inland silverside (M. beryllina) have highlighted differ-
ences between experiments where OA was a unique factor
and experiments that included additional stressors such as
high temperature (Table S2).

Experimental studies in the GOM have also illustrated
contrasting responses of different physiological para-
meters within a life stage for a single species. For example,
Stiasny et al. (2018) observed that cod larvae were larger
under energy limitation in the elevated CO2 treatment
compared to the ambient CO2 treatment, but larvae under
elevated CO2 had developmental impairments in critical
organs, such as the liver. All these studies make clear that
our capacity to replicate environmental and biological
complexity in experimental studies is limited, yet more
sophisticated and longer term studies are critical to enable
further understanding of physiological mechanisms, ener-
getic balances in organisms, and population dynamic con-
sequences of OA in marine species. A handful of other
studies, including responses through trophic webs (e.g., Jin
et al., 2015) and other ecological interactions (e.g., Fay et al.,
2017; Schulz et al., 2017; Gilbert, 2020; Raven et al., 2020;
Tester et al., 2020; Wilson et al., 2020), have suggested
potentially larger but varied ecological and ecosystem con-
sequences of OA in the GOM. Thus, a better integration of
our current knowledge, predictive capability, and collabo-
ration will be key to addressing management and societal
changes that ameliorate OA consequences in the region
and preserve the sustainability of marine resources and the
services they provide to the GOM.

Methods for quantifying trends and
projections of OA in the GOM
In this section, we describe the methods employed to com-
pute regional trends from observations, the evaluation
methods we relied on for the regional models of the area,
and the approach we used for the entire suite of regional
projections produced for this work. A combination of
regional high-resolution simulations that include coastal
processes was used to project OA conditions for the GOM
into 2050.We also discuss the approach for eachmodel and
include some discussion of the global models as well.

Observations and historical trend analysis

Several different data sets were used for this work includ-
ing observations form Buoy D, the CML site, and some
regional transects including those within WB. Surface ob-
servations from the moored NOAA PMEL/UNH Coastal
CO2 Buoy D, as described in Sutton et al. (2019), were
used in this work. The Buoy D data set spans the period
2006–2018. The CML data set spans 2008–2019. Buoy
temperature and salinity were measured by a Sea-Bird
Electronics SBE-16plus (Sea-bird electronics, Bellevue
WA, salinity and temperature accuracies of +0.0005 Sie-
mens (S) m–1 and +0.005 �C, respectively), while those
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from CML were measured with an Aanderaa 4319B
(Xylem, Rye Brook NY, salinity and temperature accuracies
of +0.0018 S m–1 and +0.05 �C, respectively). PMEL/
UNH buoy CO2 measurements were from an MAPCO2
system (Sutton et al., 2019), while those from the CML
site were made using a showerhead-type equilibrator with
headspace air recirculated through a Li-cor LI840 nondis-
persive infrared detector (details of this system in Hunt et
al., 2017, and references therein). Each CO2 system was
calibrated with a CO2-free gas stream and a CO2/nitrogen
mixture that was cross-calibrated to standard gases from
NOAA/Earth System Research Laboratories. The uncer-
tainty of the PMEL/UNH CO2 measurements was better
than +3 matm, while that of the CML CO2 measurements
was estimated as +3 matm (Vandemark et al., 2011). Cal-
culations were performed using the CO2SYS program (van
Heuven et al., 2011) with K1 and K2 constants from Mill-
ero (2010), KSO4 from Dickson (1990a, 1990b), and KB
from Uppstrom (1974). Oa at both the PMEL/UNH Coastal
CO2 Buoy and UNH CML sites (Figure 2) was calculated
from in situ measurements of salinity, water temperature,
pCO2, and TA modeled from salinity and water tempera-
ture using an empirical model (McGarry et al., 2021). CML
monthly salinity and Oa climatologies (Figure 2) were
constructed from mean monthly values, which were inter-
polated to a daily time step (“pchip,” MATLAB, MathWorks
Natick MA) and smoothed with a 60-day moving mean
(“smooth,” MATLAB).

Monthly-to-seasonal cross-shore transects have been
conducted by the University of New Hampshire since
2004. The transect line runs more than 80 km west to
east, ending at station WB-7 (bottom depth approximately
250 m) in WB, one of the three deeper basins in the GOM
(Figure 2). Discrete samples for lab analyses are collected
from Niskin bottles closed at depth intervals through the
water column. Oa at the WB-7 site was calculated from in
situ measurements of salinity and water temperature
(from a SBE-16plus) and bottle measurements of DIC and
TA. DIC of unfiltered water was measured using an Apollo
SciTech AS-C2 analyzer (Newark DE), while TA of unfiltered
water was measured via Gran titration using an Apollo
SciTech AS-ALK2. DIC and TA method precisions were
+2 mmol kg–1. Further details of DIC and TA sample

collection and lab analysis methods can be found in Hunt
et al. (2013).

The water column at WB-7 was divided into three
depth strata for trend analysis, based on sampling consis-
tency over the program period, with the aim to isolate the
surface, mixed layer, and bottom conditions. Linear trend
lines were calculated for each depth stratum by using
deseasonalized data based on the methods described in
Takahashi et al. (2009). For comparison, the data collected
from similar locations as WB-7 by Woods Hole Oceano-
graphic Institution (WHOI) (Wang et al., 2017), NOAA Gulf
of Mexico and East Coast Carbon cruises 1&2 (Wang et al.,
2013; Wanninkhof et al., 2015), and East Coast Ocean
Acidification 1 were also included in the analysis.

Model descriptions

The Coupled Model Intercomparison Project (CMIP) con-
siders various representative concentration pathways
(RCPs) that are primarily based on human consumption
of fossil fuels (Bopp et al., 2013). Four pathways, namely,
RCP2.6, RCP4.5, RCP6, and RCP8.5, are identified accord-
ing to a possible range of radiative forcing values in the
year 2100 (2.6, 4.5, 6.0, and 8.5 Wm–2, respectively).
The models used for CMIP5 and CMIP6 coarsely resolve
the ocean (approximately 1�) and consequently neglect
important coastal processes that can modify global rates
of acidification locally in regions like the GOM. However,
global models can be used to drive regional higher reso-
lution models designed to resolve coastal processes impor-
tant for constraining regional rates of acidification and
provide important information on how boundary condi-
tions are likely to change. The regional projections used
for this work are described in Table 1.

Lavoie et al. (2020) projected ocean conditions using
a coupled physical–biogeochemical regional climate
model, developed for the Gulf of St. Lawrence and the
Scotian shelf called the Gulf of St. Lawrence Biogeochem-
ical Model (GSBM; Gehlen et al., 2015), that was driven by
three global projections from CMIP5 for the RCP 8.5 sce-
nario. The three ensemble members include the second
generation Canadian Earth System Model (CanESM2), the
low-resolution version of the Max-Planck-Institut Earth
System Model (MPI-ESM-LR), and the latest Hadley Center

Table 1. Regional downscaled models used for projecting ocean acidification conditions to 2050. DOI: https://doi.org/
10.1525/elementa.2020.00062.t1

Modela Downscaling

Representative

Concentration

Pathway Resolution Ensemble Membersa

Historical

Simulation

Period

Future Simulation

Period

GSBM Dynamical 8.5 6 km (1/12
degree)

CanESM2, HadGEM2-ES, and
MPI-ESM-LR

1991–2010 2041–2060

ROMS Empirical 8.5 7 km GFDL, IPSL and HadGEM2-ES 1976–2005 2070–2099 and
scaled back to 2050

GSBM ¼ Gulf of St. Lawrence Biogeochemical Model; ROMS¼ Regional Ocean Modeling System; CanESM2 ¼ Canadian Earth System
Model; MPI-ESM-LR ¼ Max-Planck-Institut Earth System Model; HadGEM2-ES ¼ Hadley Center Earth System; GFDL ¼ Geophysical
Fluid Dynamics Lab; IPSL ¼ Institut Pierre Simon Laplace.
aModel abbreviations as provided in the text.
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Earth System climate model (HadGEM2-ES) and simulate
the period 1970–2100. Future boundary conditions were
built by adding the simulated trends from the ESMs to the
observed climatology for the physical variables (see Long
et al., 2016b, for temperature and salinity), as well as for
nitrate, DIC, TA, and dissolved oxygen. The trends from the
ESMs that were used to build future boundary conditions
for the regional model are generally consistent (Lavoie et
al., 2019). The regional model includes the GOM, but the
results for that region had not been analyzed until now.
Because this model includes biogeochemistry, the projec-
tions are referred to as the dynamically downscaled bio-
geochemical projections.

Other dynamically downscaled projections exist for
the GOM as described in Brickman et al. (2021), but most
do not include biogeochemistry. A set of simulations
were performed using the Regional Ocean Modeling Sys-
tem (ROMS; Shchepetkin and McWilliams, 2005),
referred to as ROMS throughout this work, each forced
by a global climate model. The model domain covers the
entire Northwest Atlantic, including GOM shelf, slope,
and the Gulf Stream. The grid is configured with horizon-
tal spacing of approximately 7 km and 40 vertical terrain-
following levels (Kang and Curchitser, 2013). A control
(CTRL) ROMS simulation was performed using data-
assimilated fields at the surface and along the side
boundaries in the ocean over the period 1976–2005. The
ROMS climate change simulations were performed using
the delta method. The deltas were computed by subtract-
ing the long-term monthly mean values during the
period 1976–2005 from those during 2070–2099 in
each of the three general circulation models: NOAA Geo-
physical Fluid Dynamics Lab (GFDL), Institut Pierre
Simon Laplace (IPSL), and HadGEM. Then, the deltas were
added to the CTRL providing three independent future
simulations using RCP 8.5 (Alexander et al., 2020).
Because the ROMS simulations used 2070–2099 for the
future period, the results needed to be adjusted to esti-
mate the changes in 2050. We tested several methods to
accomplish this goal using the time-varying CMIP5 simu-
lations, which include values in 2050, to evaluate the
accuracy of the adjusted values. A method that worked
well uses the global average change in radiative forcing
from the RCP8.5 scenario. The change in forcing from
1976–2005 to 2050 is 3.1 Wm–2 and to 2085 is 5.68
Wm–2, so the grid point values of temperature and salin-
ity were scaled by 0.546 (3.1/5.68) to estimate the
changes that occur by 2050. These results are presented
in more detail in Brickman et al. (2021).

To include biogeochemical fields in the projected con-
ditions without dynamic biogeochemistry, an empirical
model for the carbonate system to the future conditions
was applied and CO2 was added to the DIC pool using the
atmospheric concentration in 2050 in the RCP scenario,
assuming the anthropogenic signal is well mixed through-
out the water column. This approach has the benefit that
relative contributions of physical changes, like warming,
are easily decipherable. An empirical model for each car-
bonate system parameter was developed using a least-
squares multiple linear regression (MLR) of the carbonate

system parameter on hydrographic variable observations
collected on the northeast U.S. shelf between 2007 and
2015 (McGarry et al., 2021). Although empirical models
including other variables were generated, the models used
here rely solely on temperature and salinity but skillfully
reproduce observed DIC and TA (McGarry et al., 2021;
their Equations I and IV). Oa was computed from the
empirically derived DIC and TA using CO2SYS (Lewis and
Wallace, 1998). Additional model evaluation was per-
formed as part of this work, as described below.

Anthropogenic CO2 concentrations were added to the
DIC computed from the MLR by first calculating the sea-
water pCO2 in equilibrium with the atmospheric concen-
tration in 2050 from RCP 8.5 (550 ppm) using the
solubility equations from Weiss et al. (1970) for the pro-
jected temperature and salinity. The DIC in equilibrium
with future atmospheric concentrations was then com-
puted using the equilibrium pCO2 and MLR-computed
TA as inputs in CO2SYS (Lewis and Wallace, 1998). The
same method was used to calculate DIC for the control
conditions and the difference was added to the projected
DIC from the MLR. Note that this method will only be
representative of the conditions experienced by the train-
ing data for the MLR. Because the dynamics of oxygen and
carbon are linked, the inclusion of oxygen in the MLR
improves the representation of the carbonate system.
However, this variable was not available for regional mod-
els used here, so the MLR was based on temperature and
salinity only. The results of these efforts are reported
below and referred to as dynamically downscaled physical
projections with empirical biogeochemistry.

Model evaluation and metrics

The moored observations described in Salisbury and Jons-
son (2018) from Buoy D were used to compare to the base
and future projections of the downscaled model. Statisti-
cal analyses were used to quantify the comparisons.

Duration is defined as the number of months each year
that Oa falls below the critical threshold Oa,b (1.5). Inten-
sity represents the integrated annual acidification stress
defined as I ¼

Ð t¼12
t¼1 (Oa,b � Oa,t)dt, where I is the inten-

sity, Oa,b is the threshold (1.5), and Oa,t is the monthly
modeled value when Oa,t < Oa,b (i.e., values > Oa,bv are
disregarded). This acidification intensity score is similar to
other threshold-based stress indices (e.g., degree heating
week for gauging coral thermal stress) that adopt the
assumption that low-level stress experienced over
extended periods can develop into a higher level accumu-
lated stress response similar to that experienced in a short-
term chronic or acute stress response. The benefit of the
intensity score is that it combines both the magnitude by
which the threshold is exceeded as well as the duration.

To determine the role of warming and circulation
changes in the future projections of OA, a “slug” of anthro-
pogenic CO2 was added to the modern/base case DIC and
compared to the projected fields for the ROMS empirical
projections. Thus, it yields a modeled field assuming only
an increase in DIC in response to OA independent of other
changes.
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Observed trends in subsurface Oa

The UNH repeated transect measurements off the NH
coast during the period of 2005–2017 showed that sub-
surface Oa from depths of 18–34 m exhibited trends
which closely followed those of surface water shallower
than 10 m at the deepest station in the WB of the GOM
(Figure 3). Bottom water Oa deeper than 210 m at the
same station (WB7, Figure 3) was less correlated with the
surface distributions. No clear seasonal pattern of Oa was
observed for either the surface or subsurface offshore

waters, which is consistent with the finding by Wang et
al. (2017). Inconsistent sampling frequency of these data
might have contributed to the lack of observed seasonality
or missed capturing additional shifts or events affecting
aragonite saturations, particularly as GOM studies have
shown that low Oa or high CO2 events in both surface
and bottom waters can dissipate within days or weeks
(Waldbusser and Salisbury, 2014). Surface and subsurface
waters experience occasional low Oa conditions at this
offshore location below the threshold value (Oa ¼ 1.5; red

Figure 3. Trends ofOa in offshore surface, subsurface, andbottomwaters. Long-term trends ofOabetween2005and2017 for
the surface, subsurface, and bottom layers of the water column at a deep station in Wilkinson Basin (WB7; 42.859�N,
�69.860�W), Gulf of Maine. Values for Oa were calculated from dissolved inorganic carbon and total alkalinity data
collected from University of New Hampshire (UNH) seasonal transect surveys. Red lines indicate the threshold value
Oa ¼ 1.5. Dashed lines are deseasonalized linear trend lines based on the method of Takahashi et al. (2009). For
comparison, WHOI seasonal data (Wang et al., 2017) and NOAA GOMECC 1 (Wang et al., 2013), GOMECC 2
(Wanninkhoff et al., 2015), and ECOA 1 data collected from a nearby location are also shown. Only the UNH data set was
used for the trend line analyses.These offshore deseasonalized trends are similar to the surface trend found at the nearshore
Buoy D (0.015 y–1 for the period 2004–2015; Salisbury and Jonsson, 2018). NOAA GOMECC¼ NOAA Gulf of Mexico and
East Coast Carbon; ECOA¼ East Coast Ocean Acidification. DOI: https://doi.org/10.1525/elementa.2020.00062.f3
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line in Figure 3). The observed Oa values near bottom
were persistently below this threshold with only a few
exceptions during the 12-year period. A few shorter data
sets collected by WHOI and NOAA Ocean Acidification
Program generally agree with these patterns (Figure 3;
Wang et al., 2017). A long-term trend analysis was con-
ducted by subtracting the respective monthly climatolog-
ical mean Oa from individual Oa values in Figure 3 based
on the method of Takahashi et al. (2009). The result shows
a positive trend in DOa for all three layers of the water
column in WB, with an annual increasing rate of 0.02–
0.04 per year (Figure 3). The rate of Oa increase at the
surface was about twice that of the near-bottom water
mass. These trends coincide with (nonsignificant) positive
trends in salinity and temperature at the same site (the
same colocated data as in Figure 3; Figure S2), as well as
the Oa rate estimated for the GOM for the period 2004–

2015 (0.0152 + 0.003; Salisbury and Jonsson, 2018).
These observations confirm that the recent warming and
observed salinity increase over the last decade, likely due
to the increase of slope water intrusion (Salisbury and
Jonsson, 2018), may play an important role in controlling
carbonate chemistry in the GOM.

Model comparison with observed historical Oa

The moored surface observations shown in Figure 1 from
the PMEL/UNH Coastal CO2 Buoy D, as described in Salis-
bury and Jonsson (2018), were compared to the down-
scaled modeled base and future projections of
Oa (Figure 4). The monthly mean values for the entire
time series (2006–2018) are shown in black squares and
the standard deviation of the observations each month is
provided, with additional evaluation provided in Figure
S1. The observations indicate that Oa experiences strong

Figure 4. Model evaluation and projected conditions of aragonite saturation state (Oa) at Gulf of Maine Buoy D. The
monthly mean Oa values for the Pacific Marine Environmental Laboratory/University of New Hampshire Coastal CO2

Buoy D entire time series (2006–2018) are shown in black squares over a climatological year. The full hourly time
series can be seen in Figure 1. The standard deviation of the observations is provided in the upper panel as error bars
and as a hatched region in the lower panel with the corresponding n values for each monthly average on the upper x
axis for the “present” (upper) panel. The yellow-shaded region indicates the region below the threshold of Oa ¼ 1.5.
The red-shaded region indicates the region below the thermodynamically relevant saturation horizon threshold of
Oa ¼ 1. Each of the continuous lines represents a model simulation. The control/present simulations are depicted in
the upper panel, while the projected conditions for 2050 are depicted in the lower panel. Statistics regarding model
performance in the control/present simulations are provided as an inset table on the upper panel and indicate that
the models perform well at this location historically as well as in Figure S2. The future conditions for this location
predict that spring and summer will experience much lower values of Oa, with spring and winter months falling into
the yellow region and both time periods outside the range of variability for the past 15 years. The “slug” represents the
addition of dissolved inorganic carbon for RCP 8.5 to the present/control conditions for the Regional Ocean Modeling
System (ROMS) simulation. The difference between the slug and the ROMS future ensemble conditions represents the
continued role of warming and circulation on mitigating future ocean acidification conditions. RCP ¼ representative
concentration pathway. DOI: https://doi.org/10.1525/elementa.2020.00062.f4
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seasonality at this location, with higher values at the sur-
face during summer and lower values during winter,
which can also be seen in Figure 1. Presently, surface
conditions away from the shore rarely experience subop-
timal conditions for marine organisms and rarely decline
below the saturation horizon (Figures 1 and 4).

Both of the downscaled models used for the projected
conditions in this work perform well when compared to
the historical observations of Oa (GSBM: R2 ¼ 0.75; ROMS:
R2 ¼ 0.86; Figure 4). GSBM underestimates the season-
ality of the observations, with slightly higher saturation
states in the winter than observed, although that is the
observed trend. In the spring, ROMS with empirical bio-
geochemistry likely underestimates the role of the spring
bloom in raising the Oa by scavenging DIC from the sur-
face mixed layer, and so the model underestimates the
saturation state at that time. As a result, winter and spring
projections are more uncertain as they are not as well
simulated in the model suite. Despite these minor incon-
sistencies, the ability of the models to capture the histor-
ical climatological conditions suggests that they are robust
enough to reasonably project future conditions.

The empirical biogeochemical model can also be
applied to the GSBM simulation to understand the relative
importance of the physical simulation in GSBM to the
biogeochemical feedbacks. The GSBM model control sim-
ulation produces a surface average Oa for the GOM of 1.68
and 1.48 at the bottom. When the empirical biogeochem-
istry is applied to the GSBM temperature and salinity
fields, the mean surface Oa for the control simulation is
1.84, and the bottom is 1.63. Both of the results from the
empirical biogeochemical model produce higher satura-
tion states than the dynamic biogeochemical model.

OA projections for the GOM for 2050
Global projections

The CMIP5 ensemble average under RCP 8.5 projects
a decline in Oa of 0.44 at the surface (not shown) for the
entire GOM region when the control values (for the period
1976–2005) are subtracted from the average for the

future (2005–2055). When the MLR is applied to the tem-
perature and salinity from the CMIP5 future projection,
the projected decline is reduced (0.17). In the subsurface,
the global models only simulate bottom conditions at the
shallowest around 300-m depth and no longer serve the
DIC and TA values for the region, so the MLR method is
used. Using that depth as representative of the bottom
conditions projected for the GOM, the CMIP5 ensemble
average for the GOM projects a decline in Oa of 0.15.

Dynamically downscaled biogeochemical

projections

Surface and bottom Oa decline in the future in the GSBM
projections for 2050 under RCP 8.5. The decline at the sur-
face is projected tobe0.40 for theMPI-ESM-LR andCanESM2
forced projections and 0.42 for the HadGEM2-ES ensemble
member (Table 2). The ensemble members largely agree on
themagnitude anddirectionof the trend. Bottomconditions
are largely consistent with the surface, with a slightly weaker
decline (0.36–0.37; Table 2). Although the surface is com-
parable to the globalmodel projected change, the subsurface
change is larger than the global models, in part due to the
lack of resolution over these depth ranges in the globalmod-
els. In addition to the future projected changes, the absolute
values for Oa in the global model are higher than in the
downscaled models predicted in both the control (C) and
future (F) simulated conditions, that is, C:2.73 and F:2.29
versus C:2.00 and F:1.68.

The decline in Oa is driven in the regional model
mainly by the increase in DIC in the region, which occurs
at all depths and in all three simulations (Figure 5). We
note that increasing DIC is mainly attributable to increas-
ing atmospheric CO2 but may also be imported into the
region or result from increasing rates of respiration with
warming conditions. The DIC increase is greatest at depth.
The decrease in pH in the 150–300 m layer is greater in
the GOM than in the Scotian Shelf or GSL (Lavoie et al.,
2020) because the DIC increase is greater in the GOM. The
model suggests that this difference is caused by an
increase in primary production, mainly by diatoms, and
greater mesozooplankton mortality in summer due to
higher water temperatures, with both leading to an
increase in local respiration of organic matter at depth
in the region. Stratification is also stronger in the projec-
tion which reduces the ventilation of subsurface waters.

Alkalinity generally decreases at the surface and in-
creases in all the regional simulations at depth (150–
300 m; Figure 6). The surface trends differ widely among
the three ensemble members in magnitude with
HadGEM2-ES producing the steepest decline in TA, and
due to this disagreement, the trends are highly uncertain
at the surface and midwater column (Figure 6A and B).
These changes in alkalinity primarily correspond to the
changes in salinity in the region with fresher surface
waters and saltier deep waters.

Because the results were simulated continuously
between 1970 and 2100, the simulations project the tim-
ing when key thresholds are exceeded in the region. Like
pH, O continues to decline under RCP 8.5. For key thresh-
olds, like Oa and saturation state for calcite, the

Table 2. GSBM-projected mean Oa over the Gulf of Maine
for 2050 from each ensemble member for surface and
bottom waters. DOI: https://doi.org/10.1525/elementa.
2020.00062.t2

Ensemble Member

Surface Bottom

Oa DOa
a Oa DOa

a

MPI-ESM-LR 1.69 0.40 1.52 0.36

HadGEM2-ES 1.58 0.42 1.42 0.37

CanESM2 1.76 0.40 1.50 0.37

GSBM ¼ Gulf of St. Lawrence Biogeochemical Model; CanESM2
¼ Canadian Earth System Model; MPI-ESM-LR ¼ Max-Planck-In-
stitut Earth System Model; HadGEM2-ES ¼ Hadley Center Earth
System.
aDifference from the control mean: 2.0 for surface, 1.79 for
bottom.
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thermodynamic threshold of 1 (annual mean) is reached
in the benthic environment in all three ensemble mem-
bers by the year 2060 in the southern GOM for aragonite.
By 2081, calcite remains above saturation for the entire
domain. Suboptimal Oa conditions of less than 1.5 are
projected for the surface by 2040–2060 with some

uncertainty between the simulations and already present
in the benthic environment by 2020 for aragonite and
by 2060 for calcite in the southern portion of the GOM
(Figure 7). Georges Bank is a region that remains above
the threshold for the longest period of time, and one
(CanESM2) ensemble member entirely avoids the

Figure 5. Time series of dissolved inorganic carbon (DIC) concentration at three depth layers from the Gulf of St.
Lawrence Biogeochemical Model (GSBM). Mean DIC concentrations from the GSBM model for the Gulf of Maine
region from a continuous simulation from 1970 to 2070 for the depth layers of (A) 0–6 m, (B) 50–150 m, and (C)
150–300 m. Each ensemble member is color coded with the corresponding rate of increase per decade provided on
each graph. The ensemble members largely agree subsurface and then diverge closer to the surface with Hadley
Center Earth System (HadGEM2-ES) reporting the slowest rate of increase at the surface. HadGEM2-ES also reports the
greatest warming over the time interval. DOI: https://doi.org/10.1525/elementa.2020.00062.f5
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Figure 6. Time series of total alkalinity (TA) concentration at three depth layers from the Gulf of St. Lawrence
Biogeochemical Model (GSBM). Mean TA concentrations from the GSBM model for the Gulf of Maine region from
a continuous simulation from 1970 to 2070 for the depth layers of (A) 0–6 m, (B) 50–150 m, and (C) 150–300
m. Each ensemble member is color coded with the corresponding rate of change per decade over the time
interval provided on each graph. The ensemble members largely agree subsurface and then diverge closer to the
surface with Hadley Center Earth System (HadGEM2-ES) reporting the fastest rate of decline at the surface.
HadGEM2-ES also reports the greatest warming and freshening over the time interval. The model predicts that
surface and subsurface waters will experience different directional trends in TA over this time period with the
surface and mid-depth experiencing a decline in TA and the subsurface experiencing an increase. This pattern is
suggestive of different water mass influences in the region with freshwater driving the surface trends and water
masses more similar to the Gulf Stream driving the subsurface increase. DOI: https://doi.org/10.1525/
elementa.2020.00062.f6
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threshold at the surface. As such, Georges Bank is one of
the regions of largest disagreement between the ensemble
members. The Scotian Shelf is one of the regions that
experiences the earliest threshold crossing in the domain
at both the surface and the bottom.

Dynamically downscaled physical projections with

empirical biogeochemistry

Consistent with the dynamical biogeochemical model re-
sults from GSBM, the surface and bottom Oa conditions

are also projected to decline with the empirical biogeo-
chemistry results (Table 3). The surface Oa decline is pro-
jected to be 0.12 and 0.14, respectively, from the GFDL
and IPSL forced ensemble members and 0.03 for the Had-
GEM simulation. The bottom Oa decline is projected to be
0.11 and 0.15, respectively, for the GFDL and IPSL forced
ensemble members and 0.02 for the HadGEM simulation.
These changes are smaller than projected by the dynam-
ical biogeochemistry GSBM model and not as similar with
respect to depth. However, the empirical biogeochemical

Figure 7. Time of emergence for conditions of Oa < 1.5 from the Gulf of St. Lawrence Biogeochemical Model (GSBM).
Aragonite saturation state (Oa) conditions from the GSBM model for the Gulf of Maine from a continuous simulation
from 1970 to 2070. Color-coded contours in the left panels (A and B) indicate the year when saturation state falls
below the threshold of Oa ¼ 1 (A) and Oa ¼ 1.5 (B) in the annual mean from each ensemble member for surface
(upper row) and bottom (lower row) water conditions. The intermodel spread (max – min) is also mapped in the right
panels (C and D) as a measure of uncertainty. DOI: https://doi.org/10.1525/elementa.2020.00062.f7
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CTRL conditions are lower than the GSBM model. When
the empirical model is applied to the GSBM temperature
and salinity values for the projection, the projected
decline in surface Oa for the mean change across all three
ensemble members in the GOM is 0.37 and, in the bot-
tom, 0.20, suggesting that even in those simulations, the
empirical model does not support uniform change verti-
cally in the future. Although the surface is comparable to
the global model MLR-based projected change (0.17) and
lower than the decline projected by the DIC and TA-based
projections (0.44), the subsurface declines less severely for
two ensemble members (0.02 and 0.11; Table 3) or con-
sistently for one ensemble member (0.15; Table 3) when
compared to the global model projected change (0.15;
Table 3). In addition, the absolute values for Oa in the
global model (C:2.04, F:1.87) are higher than in the down-
scaled models (C:1.75, F:1.64) predicted in both the con-
trol and future simulated conditions.

Under RCP 8.5 in 2050, the ROMS model ensemble
projects that persistently suboptimal conditions for
marine organisms (i.e., Oa <1.5) will exist at the surface
for the first 5 months of the year (January–May; Figure 4).
Maximum supersaturation will shift from late summer
(August) to early fall (September). One of the three ensem-
ble members (HadGEM) does not project as severe a sea-
sonal evolution, with fewer months experiencing
suboptimal conditions for marine organisms (i.e., Oa <
1.5), because it is the projection with the warmest tem-
peratures which continue to counteract the effects of OA.
This shift in the presence of undersaturated waters in the
spring and the timing of maximum saturation state later
in the year may have biological impacts, as these seasonal
transitions often correspond to reproductive and early life
stage transitions in many marine organisms, which are
typically more vulnerable to OA.

Projected conditions for 2050 are very different from
control conditions for RCP 8.5 in terms of DIC for all three
ensemble members (Figure 8). However, in all cases, DIC
anomalies are highest offshore and lowest near the coast.
Although the magnitude varies across ensemble members,
the fall produces the sharpest gradients in the anomaly

between the coast and offshore and experiences the most
variability between ensemble members. In all three
ensemble members, using the empirical model alone
without the adjustment for the higher atmospheric CO2

concentrations or the “slug,” DIC concentrations are less
than modern conditions (not shown), suggesting that
physical changes to the GOM along with biological feed-
backs are acting to mollify the increases from the atmo-
spheric change.

All three ROMS simulations experienced lower TA at
the surface (Figure 9), consistent with the projected salin-
ity and dynamically downscaled biogeochemical projec-
tions described above. Subsurface TA increases in the
future, consistent with the GSBM results. Seasonally,
the late fall conditions (October–December) experienced
the greatest magnitude of change, although the three
simulations vary widely in the magnitude of the changes.

Implications of OA for the GOM
Biologically relevant impacts from OA, particularly for
shell-forming organisms, can be interpreted from the
duration of exposure to conditions below the identified
Oa threshold of 1.5 (i.e., number of months when Oa is
< 1.5) as well as the intensity of exposure (magnitude
below Oa 1.5). Currently, the maximum duration of expo-
sure in the modern baseline model at the surface does not
exceed 4 months (“CTRL” in Figure 10) and is concen-
trated nearshore, with some of the southern GOM region
further offshore experiencing approximately a month of
exposure. In the future projections for 2050 under RCP
8.5, the maximum duration of nonoptimal exposure at
the surface continues to be in the nearshore but is longer
(6–8 months) and expands spatially to include the major-
ity of GOM surface waters, with approximately 4 months
of exposure. The ensemble members project a range of
conditions, with the IPSL projection providing the most
severe duration and HadGEM projecting the smallest dura-
tion encompassing the smallest subsurface area.

At the bottom, baseline control conditions are more
severe than at the surface, and the majority of the GOM
experiences below-threshold conditions for nearly half the
year with the WB experiencing year-round exposure. In
the 2050 projections, the duration of below-threshold
conditions increases to year-round over the majority of
the region, with the exception of Georges Bank where it
increases from 4 months year–1 in the control to 8 months
year–1 (Figure 10).

Intensity of exposure at the surface is tightly coupled to
the nearshore coastline in the modern baseline (“CTRL” in
Figure 11). In the future, the intensity of exposure be-
comes more severe along the coastline and spreads over
the GOM with a wide range projected among the ensem-
ble members. The disagreement between the projections
stems from the degree of warming simulated in each of
the projections, with HadGEM projecting the most intense
warming and thus the least severe intensity of Oa < 1.5.
Georges Bank remains one of the most favorable environ-
ments in the GOM region, remaining largely above the
threshold. The difference between the “slug” and the
future ensemble conditions illustrates the partial

Table 3. ROMS-projected mean Oa over the Gulf of Maine
for 2050 from each ensemble member for surface and
bottom waters. DOI: https://doi.org/10.1525/elementa.
2020.00062.t3

Ensemble Member

Surface Bottom

Oa DOa
a Oa DOa

a

GFDL 1.61 0.14 1.44 0.11

HadGEM 1.72 0.03 1.53 0.02

IPSL 1.60 0.12 1.40 0.15

ROMS ¼ Regional Ocean Modeling System; GFDL ¼ Geophysical
Fluid Dynamics Lab; HadGEM ¼ Hadley Center; IPSL ¼ Institut
Pierre Simon Laplace.
aDifference from the control mean: 1.75 for surface, 1.55 for
bottom.
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compensation that continued warming and circulation
changes impart on future OA conditions, which partly
limit acidification intensity at the surface and even more
so at depth (Figure 11).

Results indicate that warming continues to partly
reduce the impacts of OA in the future as demonstrated
by the “slug” compared to the projected change for the
region (Figures 4, 10, and 11). Under the RCP 8.5 sce-
nario, both intensity and duration of below-threshold con-
ditions would be more severe in the GOM in 2050 without
the additional warming and circulation changes (Figure

S2). The duration doubles without the amelioration of
circulation and warming, and the intensity score (I) is a full
unit more severe. The slug map indicates that the warming
and circulation act to mollify the OA duration, particularly
in the nearshore surface environment and more so than at
the bottom (Figure 10).

Discussion
Regional high-resolution downscaled projections for the
GOM of Oa conditions inclusive of coastal processes under
RCP 8.5 project that the entire region is likely to

Figure 8. Dissolved inorganic carbon (DIC) seasonal anomalies from the Regional Ocean Modeling System model with
empirical biogeochemistry. Seasonal maps of DIC in surface (upper panels) and bottom (lower panels) waters for the
future (2050) minus control (CTRL) anomaly in the Gulf of Maine. Seasons are divided as December–February (DJF),
March–May (MAM), June–August (JJA), and September–November (SON). Color bar DIC units are mmol kg–1. CTRL
conditions are plotted in Figure S7. DOI: https://doi.org/10.1525/elementa.2020.00062.f8

Figure 9. Total alkalinity (TA) seasonal anomalies from the Regional Ocean Modeling System model with empirical
biogeochemistry. Seasonal maps of TA in surface (upper panels) and bottom (lower panels) waters for the future
(2050) minus control (CTRL) anomaly in the Gulf of Maine. Seasons are divided as December–February (DJF), March–
May (MAM), June–August (JJA), and September–November (SON). Color bar TA units are mmol kg–1. CTRL conditions
are plotted in Figure S6. DOI: https://doi.org/10.1525/elementa.2020.00062.f9
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experience Oa < 1.5 by 2050. These projections are in
contrast to the CMIP5 projections for the region, particu-
larly in the subsurface environment, which predict
a decline in future Oa, but the projected values do not
fall below the Oa ¼ 1.5 threshold over much of the region
by 2050. Subsurface waters are not well represented by
coarse global models, yet house many important shellfish
species in the region. In the discussion that follows, we
first put the projected results in the context of prior pro-
jections for the region. We compare the models used in
this work and suggest which processes are vital to best
reduce uncertainties in model projections moving for-
ward. We also consider the implications of the results for
the vulnerable ecosystems of the GOM, with a particular
focus on the nearshore and subsurface environments and
economically important species. Finally, we summarize
adaptive societal measures that could be employed in the
region to potentially avert or mitigate these future
changes.

Globally, the oceans simulated using CMIP5 under RCP
8.5 are projected to be higher in pCO2 and more acidified
(surface pH decrease of –0.33 + 0.003; Gattuso et al.,
2015). Regionally, the direction of the trend predicted
here is the same, but there are differences between the
global and downscaled results, mostly on the subsurface
shelf which is home to many valuable shellfisheries in the
region including scallops. Prior projections used to assess

OA impacts to the scallop fishery in the region relied on
the global model projections from CMIP5 and did not
report Oa (Rheuban et al., 2018), but the previous itera-
tion of that study by Cooley et al. (2015) reported deep
box Oa values that were greater than those reported here.
Our summary of CMIP5 projections for the region sug-
gests that the benthic habitat where adult shellfish reside
will endure more severe change in the future than previ-
ously estimated.

Global coarse resolution model projections differ from
the regional projections discussed here because the intru-
sion of anthropogenic CO2 is not the only mechanism that
can reduce Oa within coastal surface waters. Local pro-
cesses like freshwater delivery, eutrophication, productiv-
ity, and sediment interactions that drive variability on
regional and subseasonal scales can also modify spatial
variability in Oa (Feely et al., 2008, 2018; Cai et al.,
2011; Qi et al., 2017; Siedlecki et al., 2017; Pilcher et al.,
2018). Although the downscaled simulations presented
here do not simulate the highly variable and more severe
nearshore Oa conditions depicted by the CML observa-
tions in Figure 1, the shelf variability is well captured
by the models. The downscaled surface trends are compa-
rable to the global model projected change, but the sub-
surface change is larger than projected by the global
models, suggesting that there are processes in the down-
scaled simulations amplifying this rate of change within

Figure 10. Acidification duration score from the Regional Ocean Modeling System simulations with empirical
biogeochemistry. Duration of exposure to low saturation state conditions for the baseline control (CTRL; 1991–
2010) conditions as well as future projections for 2050 (2041–2060) under RCP 8.5 for each ensemble member
for surface (upper panels) and bottom (lower panels) waters. Duration is defined as the number of months each year
that Oa falls below the critical threshold of Oa ¼ 1.5 and has units of months per year. The “slug” represents the
addition of dissolved inorganic carbon for RCP 8.5 to the control conditions. The difference between the slug and the
future ensemble conditions represents the continued role of warming and circulation on mitigating future ocean
acidification conditions. The baseline exposure nearshore does not exceed 4 months year–1 anywhere in the region at
the surface. In bottom waters, baseline control conditions are more severe than at the surface, and the majority of the
Gulf of Maine experiences below-threshold conditions for nearly half the year with the Wilkinson Basin experiencing
year-round exposure. RCP ¼ representative concentration pathway. DOI: https://doi.org/10.1525/
elementa.2020.00062.f10
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this critical habitat for scallops, lobsters, and other vulner-
able benthic dwellers. Such processes could include those
previously reported (e.g., water column metabolism and
sediment interactions), but additional research is needed to
understand the role of these processes on decadal time-
scales. Additionally, existing projections, including the ones
presented here, should be used as conservative estimates
for nearshore environments as they already experience sub-
optimal conditions for marine organisms (Figure 1) more
severely than regions offshore in the GOM.

Differences exist between the regional projections
using dynamical biogeochemistry and the empirical bio-
geochemistry, and those differences can be exploited to
prioritize observation needs and process-based under-
standing of potential biogeochemical feedbacks for future
work. The empirical model of biogeochemistry assumes
the net biological and sedimentary flux contributions at
present will be similar in the future. Differences between
the empirical and dynamic biogeochemical model projec-
tions suggest that the balance of those processes may
change and result in biogeochemical feedbacks in the
future. Here, the projections differ in their vertical struc-
ture for future change: The surface experiences the same
amount of change, but the subsurface is projected to
decline more in the dynamical biogeochemistry in con-
junction with the surface. This effect likely results from
a biogeochemical feedback but could also correspond to

altered residence times due to circulation changes in the
region relating to weakening of the Gulf Stream, as is
further described in Alexander et al. (2020). The ROMS
projections used here and in Alexander et al. (2020) show
an enhanced counterclockwise circulation in the region in
the future which could alter the residence time of the
water masses and thus their effective age. The dynamical
model (GSBM) results indicate an increase in primary pro-
duction, mainly by diatoms, and a greater mesozooplank-
ton mortality in the summer of 2050 due to the higher
water temperature, which both lead to an increase in local
respiration of organic matter at depth in the region.
Increase in local subsurface respiration would cause a fur-
ther decline in Oa. This kind of feedback is not represented
by the empirical biogeochemistry but could be resolved by
monitoring the biomass and rates of net primary and
secondary production, along with their interactions with
changing hydrographic conditions in the region. Targeted
research to constrain these uncertainties would increase
confidence in the biogeochemical model response and
reduce uncertainties in the projections.

The ensemble spread of the downscaled simulations
represents a measure of uncertainty in the system for the
projected future conditions. The ensemble spread was
small for the GSBM projections as the projected condi-
tions largely agree in both the absolute values for future
Oa and the magnitude of the change from present.

Figure 11. Acidification intensity score from the Regional Ocean Modeling System simulations with empirical
biogeochemistry. Intensity of exposure to low saturation state conditions for the baseline control (CTRL; 1991–
2010) conditions as well as future projections for 2050 (2041–2060) under RCP 8.5 for each ensemble member
for the surface (upper panels) and bottom (lower panels) waters. Intensity represents the annual integrated
acidification stress below the critical threshold of Oa ¼ 1.5, as described in the methods. At the surface in the
CTRL conditions, the nearshore coastline experiences the greatest intensity, albeit relatively weak. The bottom
conditions in the CTRL are slightly more intense. Georges Bank remains one of the least intense regions in the
Gulf of Maine. The “slug” represents the addition of dissolved inorganic carbon for RCP 8.5 to the control conditions.
The difference between the slug and the future ensemble conditions represents the continued role of warming and
circulation on mitigating future ocean acidification conditions, which are modifying the intensity at the surface and
even more so at depth. RCP ¼ representative concentration pathway. DOI: https://doi.org/10.1525/
elementa.2020.00062.f11
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However, the absolute values for the surface and bottom
projections did vary based on the degree of warming,
mostly per ensemble member (Table 2). ROMS ensemble
spread is similar for the surface and subsurface, with the
HadGEM-forced simulation which has the warmest SST
projection producing the smallest change from the con-
trol. The HadGEM forced simulation also projects the high-
est Oa in the future (Table 3). The decline in Oa from
control conditions due to the addition of anthropogenic
CO2 for 2050 under RCP 8.5 is –0.22 to –0.29 across the
ROMS ensemble, and the majority of that is compensated
by the future warming (þ0.16 to þ0.25). The most com-
pensation is provided by the warmest ensemble member,
HadGEM. Salinity changes in the future act to further
reduce Oa, but the magnitude of this change is small on
an annually averaged basis (–0.01). As a result, reducing
the uncertainty surrounding the future warming and rates
of warming in the region is essential to reducing the
uncertainty on the OA projections.

All the downscaled simulations agree that the region
will experience more suboptimal conditions for marine
organisms for the majority of the year by 2050 in both
the surface and bottom conditions. The degree to which
this change occurs is modulated by the degree of pro-
jected warming and freshening in the physical simula-
tions. All three simulations of the ROMS model
projected large increases in SSTs and changes in bottom
water temperature over most of the domain (Alexander et
al., 2020; Brickman et al., 2021). The enhanced warming
may result from a number of processes discussed in Alex-
ander et al. (2020) including very strong warming of the
atmosphere over eastern Canada that is transported over
the Atlantic by westerly winds, heating the ocean via
changes in the surface fluxes. In addition, strong warming
occurs in portions of the North Atlantic, especially to the
southeast of Newfoundland, which are subsequently ad-
vected into the GOM including through the NEC. In all
simulations, the Gulf Stream is projected to be weaker
(Alexander et al., 2020). Reducing the uncertainty sur-
rounding rates of warming in the future would also
reduce the uncertainty in the OA projected conditions.

Over the past 15 years, waters in the GOM have taken
up CO2 at a rate significantly slower than that observed in
the open oceans due to a combination of the extreme
warming experienced in the region and an increased pres-
ence of well-buffered Gulf Stream water (Salisbury and
Jonsson, 2018). The reduced uptake of CO2 by the region
has also altered local acidification rates, which differ from
the global rates in the GOM. In Salisbury and Jonsson
(2018), the rates, averaged for the entire GOM from
1981 to 2014, showed a decline in Oa at the surface of
–0.049 (+0.009) per decade, which is slower than global
declines of Oa and falls outside the range reported over
many sites around the world (–0.0066 to –0.0115 per
year, 1982–2012; Bates et al., 2014).When the time period
is limited to 2004–2015 when observations were in place
at Buoy D and warming was greatest in the region, the
Oa increase at the surface was 0.015 per year, which is
consistent with the WB observational trends reported here
for the subsurface (0.02–0.04 per year; Figure 3). These

trends correspond to a time period when the region
became increasingly dependent on vulnerable shellfish
fisheries (Gledhill et al., 2015; Figure S1). In the projec-
tions presented here, the GSBM model simulates a con-
stant rate of Oa decline of –0.008 per year over the upper
150 m between 1980 and 2060. In a companion paper
about the future warming for the region using the same
simulations discussed here (Brickman et al., 2021), warm-
ing continues to be projected and continues to ameliorate
the impacts of OA in the region. However, under RCP 8.5,
the impacts of OA still emerge in our projections by 2050
over the entire region with implications expected for the
vulnerable ecosystems that reside in the GOM.

Developing knowledge on life stage and population-
specific impacts of OA on marine organisms is critical to
projecting vulnerabilities and developing adaptation plans
for marine biodiversity and for sustaining ecosystems and
the socioeconomically dependent coastal communities
that rely on these resources. Multiple aspects of the car-
bonate system have been shown to have impacts on
marine biota. Reductions in CO3

2– availability and
Oa below critical thresholds have been shown to represent
a stressor to a variety of shelled marine invertebrates (e.g.,
Clements et al., 2017, 2018; Rheuban et al., 2018; Young
and Gobler, 2018; Pousse et al., 2020) including crabs,
lobsters, oysters, scallops, and mussels in the GOM (Tables
S1 and S2). The pH can impact physiological processes
that rely on the transfer of [Hþ], including olfactory
senses in fish (e.g., Dixson et al., 2015) and crab megalo-
pae (Miller et al., 2016). Finally, CO2 concentrations in
excess can cause hypercapnia (excess CO2 in blood) in
organisms (Mintenbeck et al., 2012; Macek et al., 2016;
Pimentel et al., 2016; Feely et al., 2018; Davenport,
2019). Each of these carbonate system variables can cause
stress for marine organisms and may be compounded by
concurrent stressor combinations (Kroeker et al., 2017) of
temperature, salinity, and dietary availability.

Considerable research has provided insight into how
organisms from the GOM respond to OA (Tables S1 and
S2), but there are still critical gaps for key environmental
components, such as carbonate chemistry data at the sed-
iment–water interface where commercial species like lob-
ster, sea scallops, and surfclams live. Current bottom water
measurements, which are meters above where the organ-
isms reside, suggest that Oa is below critical levels for
marine organisms living there. Although water quality
does not likely improve closer to the seafloor, measure-
ments at the sediment/water interface would provide data
needed to understand the environment where benthic
organisms spend the majority of their lives and reduce
uncertainty in our projections. In this study, the seasonal
variability and spatial differences of Oa suggest that the
northern reaches (i.e., Scotian Shelf) and near-shore GOM
will cross critical biological thresholds 10–20 years before
the southern GOM (i.e., Georges Bank) due to the warming
in the region (Figure 9). Experiments on spatial and sea-
sonal impacts on marine organisms at multiple life stages
are limited and require the synergy of chemical and phys-
ical oceanography with biological responses. Nearshore
regions are common nursery grounds for both vertebrate
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and invertebrate marine species (Stevenson et al., 2014;
Goode et al., 2019) but are poorly represented in our
models. Subsequent projections for such critical habitats
and inclusions of new studies on key regional economic
species, including the understudied Jonah crab and goose-
fish, are needed to fully assess vulnerabilities and promote
adaptive management plans.

Conclusions
Dependency of coastal communities on shellfish fisheries
resources has increased over the past decade in the GOM,
which necessitates understanding the dynamics governing
the current and future trends for OA in the region. Many
of these commercial resources are considered vulnerable
to OA. An increase in biological sensitivity and impact
studies, summarized in Tables S1 and S2 in this work, has
considerably improved the understanding of potential re-
sponses of marine species to OA in combination with
other climate stressors like temperature in the GOM, par-
ticularly for bivalves. Such efforts still only represent
a small fraction of knowledge needed on commercially
important species and scarcely address complex interac-
tions through food webs and integrated risks of life stages
through different habitats. Although surface OA trends
historically have been masked by recent warming and in-
creases in inputs from the Gulf Stream, Oa below subop-
timal thresholds for marine organisms (Oa < 1.5) have
already been observed in areas of high freshwater influ-
ence and subsurface zones.

The combination of regional projections detailed here
indicates that Oa is projected to decline everywhere in
the GOM by 2050 under RCP 8.5 with most pronounced
impacts in locations near the coast, subsurface, and those
associated with freshening. By 2050, the entire GOM will
experience suboptimal conditions of aragonite satura-
tion state (Oa < 1.5) for most of the year under RCP
8.5. Models with the most pronounced warming experi-
enced the weakest decline in Oa as a consequence of the
compensatory effects of largely warming and lesser salin-
ity changes. Achieving reduced uncertainty of the
regional warming trends in the future is a high priority
to reduce uncertainty in OA projections for the GOM as
well. Despite continued masking of the OA signal into
the future, projections still indicate increased duration
and intensity of suboptimal conditions for marine organ-
isms for Oa throughout the GOM under RCP 8.5. These
projections are more severe than the global projections
for the same domain, emissions scenario, and time hori-
zon but are providing downscaled regional projections.
Our projections provide important spatial information
for decision making in fisheries and future planning; for
example, the Georges Bank is a region that remains
above the threshold for the longest period. The Scotian
Shelf is one of the regions that experiences the earliest
sensitivity threshold, both the surface and the bottom.
Future work needs to focus on a better understanding of
the influence of variability in the Labrador Current, as
well as potential biogeochemical feedbacks (i.e., freshwa-
ter alterations and sediment–water interactions) and

potential adaptation strategies for land–ocean manage-
ment for the nearshore regions.
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UNH total alkalinity and dissolved inorganic carbon data
used in the construction of Figure 4 are archived by the
UNH Ocean Process Analysis Laboratory (https://eos.unh.
edu/ocean-process-analysis-laboratory/data). WHOI data
in Figure 4 are archived by the Biological & Chemical
Oceanography Data Management Office (https://www.
bco-dmo.org/project/472577). GOMECC-1 data used in
Figure 4 are archived by NOAA Atlantic Oceanographic
and Meteorlogical Laboratory (https://www.aoml.noaa.
gov/ocd/gcc/GOMECC1/data.php); those from GOMECC-
2 are archived at National Centers for Environmental
Information (NCEI; https://www.nodc.noaa.gov/oads/
data/0117971.xml, NCEI Accession Number 0117971);
those from ECOA-1 are archived at NCEI (https://www.
nodc.noaa.gov/oads/data/0159428.xml, NCEI Accession
number 0159428). Decadal commercial landing statistics
for New England fisheries species as reported from the
National Oceanic Atmospheric Administration Fisheries
Service (2020, www.st.nmfs.noaa.gov/). Output from the
three Regional Ocean Modeling System physical simula-
tions used for the projections as well as the control run is
provided on a website (https://www.psl.noaa.gov/ipcc/
roms/) and described further in Alexander et al. (2020).

Supplemental files
The supplemental material provided as a Microsoft Word
document (DOCX) contains additional model evaluation,
model metrics, and control/base maps used to generate
anomalies in the text. Finally, two supplemental tables are
also included which detail the extensive review of the
literature on species sensitivities in the region to OA as
an update to the table in Gledhill et al. (2015).

Figure S1. Increasing importance of shellfish to New
England fisheries in terms of total landed value.

Figure S2. Trends at WB7 for temperature and salinity.
Figure S3.Model evaluation at Coastal Marine Lab and

Buoy D for Oa.
Figure S4. Model acidification annualmetrics at Buoy D.
Figure S5. Total alkalinity (mmol kg–1) seasonal CTRL

for the Regional Ocean Modeling System model with
empirical biogeochemistry.

Figure S6. Dissolved inorganic carbon (mmol kg–1) sea-
sonal CTRL for the Regional Ocean Modeling System
model with empirical biogeochemistry.

Table S1. Responses of six commercially important
species of the Gulf of Maine to increased ocean acidifica-
tion conditions.
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Table S2. Studies on organismal response of species
from the Gulf of Maine to ocean acidification conditions.

Table S3. Gulf of Maine regional ocean acidification
observing capacity description of observations plotted in
Figure 2.
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Byrne, RH, Fassbender, A. 2018. The combined
effects of acidification and hypoxia on pH and ara-
gonite saturation in the coastal waters of the Cali-
fornia current ecosystem and the northern Gulf of
Mexico. Continental Shelf Research 152: 50–60.
DOI: https://doi.org/10.1016/j.csr.2017.11.002.

Feely, RA, Sabine, CL, Hernandez-Ayon, JM, Ianson, D,
Hales, B. 2008. Evidence for upwelling of corrosive

Siedlecki et al: Projecting ocean acidification for the Gulf of Maine to 2050 Art. 9(1) page 23 of 29
D

ow
nloaded from

 http://online.ucpress.edu/elem
enta/article-pdf/9/1/00062/462357/elem

enta.2020.00062.pdf by guest on 07 June 2021

https://doi.org/10.5194/bg-10-6225-2013
https://doi.org/10.5194/bg-10-6225-2013
https://doi.org/10.1038/425365a
https://doi.org/10.1038/425365a
https://doi.org/10.1002/2013JC009393
https://doi.org/10.1029/2017JC013414
https://doi.org/10.1029/2017JC013414
https://doi.org/10.1029/2019GL085455
https://doi.org/10.1038/s41558-018-0263-1
https://doi.org/10.1038/s41558-018-0263-1
https://doi.org/10.1016/j.marpolbul.2017.01.053
https://doi.org/10.1016/j.marpolbul.2017.01.053
https://doi.org/10.1007/s12237-017-0270-x
https://doi.org/10.1007/s12237-017-0270-x
https://doi.org/10.1088/1748-9326/4/2/024007
https://doi.org/10.1371/journal.pone.0124145
https://doi.org/10.1371/journal.pone.0124145
https://doi.org/10.1016/B978-0-12-409548-9.11185-6
https://doi.org/10.1016/B978-0-12-409548-9.11185-6
https://doi.org/10.1016/0021-9614&lpar;90&rpar;90074-Z
https://doi.org/10.1016/0198-0149
https://doi.org/10.1016/0198-0149
90
90004-F
https://doi.org/10.1111/gcb.12678
https://doi.org/10.1111/gcb.12678
https://doi.org/10.1111/j.1461-0248.2009.01400.x
https://doi.org/10.1111/j.1461-0248.2009.01400.x
https://doi.org/10.1073/pnas.0702218104
https://doi.org/10.1073/pnas.0702218104
https://doi.org/10.1038/nclimate2508
https://doi.org/10.1016/j.ecolmodel.2016.12.016
https://doi.org/10.1016/j.ecolmodel.2016.12.016
https://doi.org/10.5670/oceanog.2009.95
https://doi.org/10.5670/oceanog.2009.95
https://doi.org/10.1016/j.csr.2017.11.002


“acidified” water onto the continental shelf. Science
320(5882): 1490–1492. DOI: https://doi.org/10.
1126/science.1155676.

Fennel, K, Wilkin, J, Previdi, M, Najjar, R. 2008. Deni-
trification effects on air-sea CO2 flux in the coastal
ocean: Simulations for the northwest North Atlantic.
Geophysical Research Letters 35(24). DOI: https://
doi.org/10.1029/2008GL036147.

Friedlingstein, P, Jones, MW, O’Sullivan, M, Andrew,
RM, Hauck, J, Peters, GP, Peters, W, Pongratz, J,
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brell, AJ. 2016. Chapter six, Locally extreme envir-
onments as natural long-term experiments in
ecology, in Dumbrell, AJ, Kordas, RL, Woodward, G
eds., Large-scale ecology: Model systems to global per-
spectives (Vol. 55): 283–323. DOI: https://doi.org/
10.1016/bs.aecr.2016.08.001.

Maine 126th Legislature, 2nd Session. 2015. Final
report of the commission to study the effects
of coastal and ocean acidification and its exist-
ing andpotential effects on species that are com-
mercially harvested and grown along the Maine
coast. Maine Department of Marine Resources.
2019. Maine Aquaculture Harvest Data. Available at
https://www.maine.gov/dmr/aquaculture/har
vestdata/index.html. Accessed 7 October 2019.

McGarry, K, Siedlecki, SA, Salisbury, J, Alin, SR. 2021.
Multiple linear regression models for reconstructing
and exploring processes controlling the carbonate
system of the northeast US from basic hydrographic
data. Journal of Geophysical Research: Oceans 126.
DOI: https://doi.org/10.1029/2020JC016480.

McLean, EL, Katenka, NV, Seibel, BA. 2018. Decreased
growth and increased shell disease in early benthic
phase Homarus americanus in response to elevated
CO2. Marine Ecology Progress Series 596: 113–126.
DOI: https://doi.org/10.3354/meps12586.

Menu-Courey, K, Noisette, F, Piedalue, S, Daoud, D,
Blair, T, Blier, PU, Azetsu-Scott, K, Calosi, P.
2019. Energy metabolism and survival of the juve-
nile recruits of the American lobster (Homarus amer-
icanus) exposed to a gradient of elevated seawater
pCO2. Marine Environmental Research 143: 111–

Siedlecki et al: Projecting ocean acidification for the Gulf of Maine to 2050 Art. 9(1) page 25 of 29
D

ow
nloaded from

 http://online.ucpress.edu/elem
enta/article-pdf/9/1/00062/462357/elem

enta.2020.00062.pdf by guest on 07 June 2021

https://doi.org/10.1038/s41598-019-55039-4
https://doi.org/10.1038/ncomms9714
https://doi.org/10.2960/J.v44.m683
https://doi.org/10.1098/rsbl.2016.0802
https://doi.org/10.1098/rsbl.2016.0802
https://doi.org/10.1038/s41558-017-0054-0
http://www.publications.gc.ca/site/eng/9.892092/publication.html
http://www.publications.gc.ca/site/eng/9.892092/publication.html
https://doi.org/10.1093/conphys/coy050
https://doi.org/10.1093/conphys/coy050
https://doi.org/10.5194/essd-10-405-2018
https://doi.org/10.3334/CDIAC/otg.CO2SYS_DOS_CDIAC 105
https://doi.org/10.3334/CDIAC/otg.CO2SYS_DOS_CDIAC 105
https://doi.org/10.1093/icesjms/fsv251
https://doi.org/10.1093/icesjms/fsv251
https://doi.org/10.1080/07055900.2015.1029869
https://doi.org/10.1080/07055900.2015.1029869
https://doi.org/10.1016/bs.aecr.2016.08.001
https://doi.org/10.1016/bs.aecr.2016.08.001
https://www.maine.gov/dmr/aquaculture/harvestdata/index.html
https://www.maine.gov/dmr/aquaculture/harvestdata/index.html
https://doi.org/10.1029/2020JC016480
https://doi.org/10.3354/meps12586


123. DOI: https://doi.org/10.1016/j.marenvres.
2018.10.002.

Meseck, SL, Mercaldo-Allen, R, Clark, P, Kuropat, C,
Redman, D, Veilleux, D, Milke, L. n.d. Ocean acid-
ification effects on larval Atlantic surfclams from
Long Island Sound, Connecticut, USA. Fisheries Bul-
letin, in press.

Meseck, SL, Mercaldo-Allen, R, Kuropat, C, Clark, P,
Goldberg, R. 2018. Variability in sediment-water
carbonate chemistry and bivalve abundance after
bivalve settlement in Long Island Sound, Milford,
Connecticut. Marine Pollution Bulletin 135:
165–175. DOI: https://doi.org/10.1016/j.mar
polbul.2018.07.025.

Miller, CA, Waldbusser, GG. 2016. A post-larval stage-
based model of hard clam Mercenaria mercenaria
development in response to multiple stressors: Tem-
perature and acidification severity. Marine Ecology
Progress Series 558, 35–49. DOI: https://doi.org/
10.3354/meps11882.

Millero, FJ. 2010. Carbonate constants for estuarine waters.
Marine and Freshwater Research 61: 139–142. DOI:
https://doi.org/doi:10.1071/MF09254.

Mintenbeck, K, Barrera-Oro, ER, Brey, T, Jacob, U,
Knust, R, Mark, FC, Moreira, E, Strobel, A, Arntz,
EW. 2012. Impact of climate change on fishes in
complex Antarctic food webs, in Jacob, U, Wood-
ward, G eds., Global change in multispecies systems:
Part I (Vol. 46): 351–426. DOI: https://doi.org/10.
1016/B978-0-12-396992-7.00006-X.

Mountain, DG. 2012. Labrador slope water entering the
Gulf of Maine–Response to the North Atlantic Oscil-
lation. Continental Shelf Research 47: 150–155.
DOI: https://doi.org/10.1016/j.csr.2012.07.008.

Narita, D, Rehdanz, K, Tol, RSJ. 2012. Economic costs of
ocean acidification: A look into the impacts on
global shellfish production. Climatic Change
113(3): 1049–1063. DOI: https://doi.org/10.1007/
s10584-011-0383-3.

NOAA Fisheries. 2019. Annual commercial landings sta-
tistics. Available at https://foss.nmfs.noaa.gov/
apexfoss/f?p¼215:200:10897789256554::NO:::.
Accessed 15 May 2020

Oppenheim, N, Wahle, R, Brady, DC, Goode, A, Persh-
ing, A. 2019. Forecasting fishery trends in a warming
ocean: A modeling framework using early life stages
of the American lobster. Ecological Applications
29(8): e02006. DOI: https://doi.org/10.1002/eap.
2006.

Orr, JC, Fabry, VJ, Aumont, O, Bopp, L, Doney, SC,
Feely, RA, Gnanadesikan, A, Gruber, N, Ishida,
A, Joos, F, Key, RM, Lindsay, K, Maier-Reimer, E,
Matear, R, Monfray, P, Mouchet, A, Najjar, RG,
Plattner, G-K, Rodgers, KB, Sabine, CL, Sarmien-
to, JL, Slater, RD, Totterdell, IJ, Weirig, M-F, Ya-
manaka, Y, Yool, A. 2005. Anthropogenic ocean
acidification over the twenty-first century and its
impact on calcifying organisms. Nature 437: 681.
DOI: https://doi.org/10.1038/nature04095.

Pershing, AJ, Alexander, MA, Hernandez, CM, Kerr,
LA, Le Bris, A, Mills, KE, Nye, JA, Record, NR,
Scannell, HA, Scott, JD, Sherwood, GD, Thomas,
AC. 2015. Slow adaptation in the face of rapid
warming leads to collapse of the Gulf of Maine cod
fishery. Science 350(6262): 809–812. DOI: https://
doi.org/10.1126/science.aac9819.

Pettigrew, NR, Churchill, JH, Janzen, CD, Mangum, LJ,
Signell, RP, Thomas, AC, Townsend, DW, Wallin-
ga, JP, Xue, H. 2005. The kinematic and hydro-
graphic structure of the Gulf of Maine Coastal
Current. Deep Sea Research Part II: Topical Studies
in Oceanography 52(19): 2369–2391. DOI: https://
doi.org/10.1016/j.dsr2.2005.06.033.

Pilcher, DJ, Siedlecki, SA, Hermann, AJ, Coyle, KO,
Mathis, JT, Evans, W. 2018. Simulated impact of
glacial runoff on CO2 uptake in the Gulf of Alaska.
Geophysical Research Letters 45(2). DOI: https://doi.
org/10.1002/2017GL075910.

Pimentel, MS, Faleiro, F, Marques, T, Bispo, R, Dioni-
sio, G, Faria, AM, Machado, J, Peck, MA, Portner,
H, Pousao-Ferriera, P, Goncalves, EJ, Rosa, R.
2016. Foraging behaviour, swimming performance
and malformations of early stages of commercially
important fishes under ocean acidification and
warming. Climatic Change 137: 495–509. DOI:
https://doi.org/10.1007/s10584-016-1682-5.

Pousse, E, Poach, ME, Redman, DH, Sennefelder, G,
White, LE, Lindsey, JM, Munroe, D, Hart, D, Hen-
nen, D, Dixon, MS, Li, Y,Wikfors, GH, Meseck, SL.
2020. Energetic response of Atlantic surfclam Spisu-
la solidissima to ocean acidification.Marine Pollution
Bulletin 161: 111740.

Pringle, JM. 2006. Sources of variability in Gulf of Maine
circulation, and the observations needed to model
it. Deep Sea Research Part II: Topical Studies in
Oceanography 53(23): 2457–2476. DOI: https://
doi.org/10.1016/j.dsr2.2006.08.015.

Qi, D, Chen, L, Chen, B, Gao, Z, Zhong, W, Feely, RA,
Anderson, LG, Sun, H, Chen, J, Chen, M, Zhan, L,
Zhang, Y, Cai, W-J. 2017. Increase in acidifying
water in the western Arctic Ocean. Nature Climate
Change 7: 195. DOI: https://doi.org/10.1038/
nclimate3228.

Raven, JA, Gobler, CJ, Hansen, PJ. 2020. Dynamic CO2

and pH levels in coastal, estuarine, and inland
waters: Theoretical and observed effects on harmful
algal blooms. Harmful Algae 91: 101594. DOI:
https://doi.org/10.1016/j.hal.2019.03.012.

Rheuban, JE, Doney, SC, Cooley, SR, Hart, DR. 2018.
Projected impacts of future climate change, ocean
acidification, and management on the US Atlantic
sea scallop (Placopecten magellanicus) fishery. PLoS
One 13(9): e0203536. DOI: https://doi.org/10.
1371/journal.pone.0203536.

Rheuban, JE, Doney, SC, McCorkle, DC, Jakuba, RW.
2019. Quantifying the effects of nutrient enrich-
ment and freshwater mixing on coastal ocean acid-
ification. Journal of Geophysical Research: Oceans

Art. 9(1) page 26 of 29 Siedlecki et al: Projecting ocean acidification for the Gulf of Maine to 2050
D

ow
nloaded from

 http://online.ucpress.edu/elem
enta/article-pdf/9/1/00062/462357/elem

enta.2020.00062.pdf by guest on 07 June 2021

https://doi.org/10.1016/j.marenvres.2018.10.002
https://doi.org/10.1016/j.marenvres.2018.10.002
https://doi.org/10.1016/j.marpolbul.2018.07.025
https://doi.org/10.1016/j.marpolbul.2018.07.025
https://doi.org/10.3354/meps11882
https://doi.org/10.3354/meps11882
https://doi.org/doi:10.1071/MF09254-
https://doi.org/10.1016/B978-0-12-396992-7.00006-X
https://doi.org/10.1016/B978-0-12-396992-7.00006-X
https://doi.org/10.1016/j.csr.2012.07.008
https://doi.org/10.1007/s10584-011-0383-3
https://doi.org/10.1007/s10584-011-0383-3
https://foss.nmfs.noaa.gov/apexfoss/f?p=215:200:10897789256554::NO:::.
https://foss.nmfs.noaa.gov/apexfoss/f?p=215:200:10897789256554::NO:::.
https://foss.nmfs.noaa.gov/apexfoss/f?p=215:200:10897789256554::NO:::.
https://foss.nmfs.noaa.gov/apexfoss/f?p=215:200:10897789256554::NO:::.
https://doi.org/10.1002/eap.2006
https://doi.org/10.1002/eap.2006
https://doi.org/10.1038/nature04095
https://doi.org/10.1126/science.aac9819
https://doi.org/10.1126/science.aac9819
https://doi.org/10.1016/j.dsr2.2005.06.033
https://doi.org/10.1016/j.dsr2.2005.06.033
https://doi.org/10.1002/2017GL075910
https://doi.org/10.1002/2017GL075910
https://doi.org/10.1007/s10584-016-1682-5
https://doi.org/10.1016/j.dsr2.2006.08.015
https://doi.org/10.1016/j.dsr2.2006.08.015
https://doi.org/10.1038/nclimate3228
https://doi.org/10.1038/nclimate3228
https://doi.org/10.1016/j.hal.2019.03.012
https://doi.org/10.1371/journal.pone.0203536
https://doi.org/10.1371/journal.pone.0203536


124: 9085–9100. DOI: https://doi.org/10.1029/
2019JC015556.

Rheuban, JE, Gassett, PR, McCorkle, DC, Hunt, CW,
Liebman, M, Bastidas, C, O’Brien-Clayton, K, Pi-
menta, AR, Silva, E, Vlahos, P, Woosley, RJ, Ries,
J, Liberti, CM, Grear, J, Salisbury, J, Brady, DC,
Guay, K, LaVigne, M, Strong, AL, Stancioff, E,
Turner, E. 2021. Synoptic assessment of coastal
total alkalinity through community science. Environ-
mental Research Letters 16(2): 024009.

Rheuban, JE, Kavanaugh, MT, Doney, SC. 2017. Implica-
tions of future Northwest Atlantic bottom tempera-
tures on the American lobster (Homarus americanus)
fishery. Journal of Geophysical Research: Oceans
122(12): 9387–9398. DOI: https://doi.org/10.
1002/2017JC012949.

Richaud, B, Kwon, Y-O, Joyce, TM, Fratantoni, PS,
Lentz, SJ. 2016. Surface and bottom temperature
and salinity climatology along the continental shelf
off the Canadian and U.S. East Coasts. Continental
Shelf Research 124: 165–181. DOI: https://doi.org/
10.1016/j.csr.2016.06.005.

Rodriguez-Dominguez, A, Connell, SD, Baziret, C,
Nagelkerken, I. 2018. Irreversible behavioural
impairment of fish starts early: Embryonic exposure
to ocean acidification. Marine Pollution Bulletin
133: 562–567. DOI: https://doi.org/10.1016/j.
marpolbul.2018.06.004.

Saba, VS, Griffies, SM, Anderson, WG, Winton, M,
Alexander, MA, Delworth, TL, Hare, JA, Harrison,
MJ, Rosati, A, Vecchi, GA, Zhang, R. 2016.
Enhanced warming of the Northwest Atlantic Ocean
under climate change. Journal of Geophysical
Research: Oceans 121: 118–132. DOI: https://doi.
org/10.1002/2015JC011346.

Salisbury, JE, Green, M, Hunt, C, Campbell, J. 2008.
Coastal acidification by rivers: A threat to shellfish?
Eos, Transactions American Geophysical Union 89:
513. DOI: https://doi.org/10.1029/2008EO500001.

Salisbury, JE, Jönsson, BF. 2018. Rapid warming and
salinity changes in the Gulf of Maine alter surface
ocean carbonate parameters and hide ocean acidifi-
cation. Biogeochemistry 141(3): 401–418. DOI:
https://doi.org/10.1007/s10533-018-0505-3.

Schulz, KG, Bach, LT, Bellerby, RG, Bermúdez, R, Bü-
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