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ABSTRACT: Climate-induced changes in the world's
oceans will have implications for fisheries productiv-
ity and management. Using a model ensemble from
the Fisheries and Marine Ecosystem Model Inter-
comparison Project (Fish-MIP), we analyzed future
trajectories of climate-change impacts on marine ani-
mal biomass and associated environmental drivers
across the North Atlantic Ocean and within the
Northwest Atlantic Fisheries Organization (NAFO)
convention area and evaluated potential conse-
quences for fisheries productivity and management.
Our ensemble results showed that the magnitude of
projected biomass changes increased over time and
from a low (RCP2.6) to high (RCP8.5) emissions sce-
nario. Within individual NAFO divisions, however,
projected biomass changes differed in the magnitude
and sometimes direction of change between near
(the 2030s) and far future (the 2090s) and contrasting
emissions scenarios. By the 2090s, most NAFO divi-
sions with historically (1990-1999) high fisheries
landings were projected to experience biomass de-
creases of 5-40%, while Arctic and subarctic divi-
sions with lower historical landings were projected to
experience biomass increases between 20 and 70 %
under RCP8.5. Future trajectories of sea surface tem-
perature and primary production corroborated that
the far-future, high-emissions scenario poses the
greatest risk to marine ecosystems and the greatest
challenges to fisheries management. Our study sum-
marizes future trends of marine animal biomass and
underlying uncertainties related to model projections
under contrasting climate-change scenarios. Under-
standing such climate-change impacts on marine
ecosystems is imperative for ensuring that marine
fisheries remain productive and sustainable in a
changing ocean.
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1. INTRODUCTION

Globally, climate change is impacting marine life,
ranging from fundamental biological processes, such
as growth, survival, and reproduction, to changes in
the abundance and distribution of species, with con-
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sequences for ecosystem structure and function
(Poloczanska et al. 2013, Worm & Lotze 2016, Lotze
et al. 2019). Yet climate-change effects are spatially
heterogeneous, with some regions experiencing
much higher rates of changes (e.g. in sea surface
temperature [SST], primary production) than the
global average (Popova et al. 2016, Ramirez et al.
2017). As climate change alters the abundance and
distribution of commercially targeted species, their
spatial and temporal availability to marine fisheries is
affected, with consequences for fishing operations
and management (Cheung et al. 2010, Mcllgorm et
al. 2010, Blanchard et al. 2012, 2017). Thus, under-
standing future trajectories of marine animal biomass
under climate change is critical for adapting fisheries
management and marine conservation strategies.

The North Atlantic Ocean harbors extensive and
productive fishing grounds, including the historically
prominent Grand Banks and Flemish Cap off New-
foundland (Townsend et al. 2006, Castaheda et al.
2020). However, large areas in this region have
already undergone significant cumulative climate-re-
lated changes in oceanographic conditions (Ramirez et
al. 2017, Greenan et al. 2018) and have experienced
substantial changes in regional fisheries production
(Pershing et al. 2015, Britten et al. 2016). Such changes
in regional fisheries production are thought to be in-
fluenced by regional climate change, fishing practices,
a combination of both (Britten et al. 2016), and possibly
associated regime-shifts (Frank et al. 2011, Pedersen
et al. 2017, 2020). Failing to consider the interaction of
fisheries management regimes and climate-change
impacts in efforts to preserve the reproductive poten-
tial of commercial fish stocks can lead to regional fish-
eries collapses (Le Bris et al. 2018).

Water temperatures in the Northwest Atlantic, in-
cluding surface, upper-ocean (0-300 m), and bottom
temperatures, are warming at globally extreme rates
and are projected to further increase nearly 3 times
faster than the global average (Pershing et al. 2015,
Saba et al. 2016). Hence, the Northwest Atlantic can
act as an indicator of how ocean-warming effects
may be manifested. Additionally, the enhanced ocean
warming in the Northwest Atlantic has been accom-
panied by an increase in salinity and reduced oxy-
genation rates due to changes in water mass distribu-
tion related to the retreat of the equatorward-flowing
Labrador Current and a northerly shift of the Gulf
Stream (Saba et al. 2016, Claret et al. 2018). Ecosys-
tem responses to these rapid changes in oceano-
graphic conditions have important implications for
living marine resources and their regional manage-
ment. One prominent example of management chal-

lenges in rapidly changing oceanographic conditions
is the Gulf of Maine Atlantic cod Gadus morhua
fishery, in which stocks were continuously overfished
despite reduced recruitment and increased mortality
in the region’'s cod population, as the impacts of
warming were not adequately recognized in manage-
ment metrics (Pershing et al. 2015).

The response of fisheries to ongoing climate change
is only one consideration; for long-term fisheries de-
velopment, national and international ocean gover-
nance and fisheries management also play an impor-
tant role (Costello et al. 2016, Mullon et al. 2016,
Galbraith et al. 2017). Effective management can pro-
vide a buffer against the impacts of a warming ocean.
Few fisheries management authorities are in the pro-
cess of integrating climate-change considerations in
their management objectives, with traditional fisheries
management measures being the favored approach
(Soomai 2017, VanderZwaag et al. 2017). This high-
lights the need to provide comprehensive and acces-
sible scenarios of long-term biological and ecological
changes within respective regulatory areas to effec-
tively work towards sustainable management of mar-
ine fisheries under climate change.

Fisheries in the North Atlantic Ocean are managed
by international and national management agencies.
For instance, the Northwest Atlantic Fisheries Or-
ganization (NAFO) is responsible for the manage-
ment of high-seas fisheries (NAFO Regulatory Area),
whereas fish stocks within the 200 nautical mile limit,
representing each country's exclusive economic
zone, are managed through respective federal gov-
ernments —for example, in Canada through Fish-
eries and Oceans Canada (DFO) and in the USA
through the National Oceanic and Atmospheric Ad-
ministration (NOAA Fisheries). Fisheries manage-
ment decisions are most often based on information
from stock assessments that are used to set total
allowable catches, fishing mortality limits, and regu-
late spatial or temporal fisheries closures (Cheung et
al. 2019). With changing ocean conditions, the effec-
tiveness of traditional management measures can
deteriorate, as stock assessments rarely account for
the effect of changing oceanographic conditions on
population dynamics (Cheung et al. 2019). Conse-
quently, to ensure long-term effective fisheries man-
agement, climate-change impacts need to be consid-
ered as part of management frameworks. Facing
climate change, fisheries management organizations
can make use of short- and long-term projections of
changes in fish biomass and include information
about climate impacts on populations to inform e.g.
biological reference points for management.
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One approach to examining climate-change im-
pacts on the ocean is to use marine ecosystem models
to project future changes in animal biomass, species
distribution, and food-web changes under different
climate-change scenarios (Tittensor et al. 2018a).
Combining individual model projections into ensem-
bles allows the quantification of mean trends and, un-
like single model assessments, the uncertainty in pro-
jected responses due to different model structures,
parameters, and representations of ecological pro-
cesses (Mora et al. 2013, Tittensor et al. 2018a). This
need is particularly acute for marine ecosystem mod-
els, where the underlying heterogeneity of model
types is substantial (Tittensor et al. 2018a).

The goal of this study was to analyze future trajec-
tories of climate-change impacts on marine animal
biomass across the North Atlantic Ocean and identify
implications for fisheries productivity and manage-
ment in the NAFO convention area. To do so, we uti-
lized results from the Fisheries and Marine Ecosys-
tem Model Intercomparison Project (Fish-MIP;
Tittensor et al. 2018a,b) which provides outputs of
marine animal biomass from 6 global marine eco-
system models that were forced by 2 Earth System
Models under contrasting greenhouse gas emissions
scenarios (also referred to as Representative Con-
centration Pathways, RCPs) following a standardized
simulation protocol. The use of global models
allowed us to cover the entire North Atlantic Ocean
and NAFO convention area and to apply an ensem-
ble modeling approach which provides an indication
of the variation or uncertainty in projections (Titten-
sor et al. 2018a). We evaluated changes in marine
animal biomass >10 cm, which can be interpreted
as centers of secondary or harvestable biomass pro-
duction, as well as projected changes in the major
oceanographic drivers that may influence biomass
trajectories. Lastly, we explored how projected eco-
logical changes may affect fisheries distribution and
production by analyzing the relationship between
historical fisheries landings and projected biomass
changes across NAFO divisions. Our results provide
important long-term context for fisheries manage-
ment and decision makers to plan for—and adapt
to—changing ocean ecosystems into the future.

2. MATERIALS AND METHODS
2.1. Study region

This study focused on the projected impacts of
climate change on marine animal biomass across

the North Atlantic Ocean —to give a general context
for expected ocean ecosystem changes —and within
the NAFO convention area to evaluate the conse-
quences for fisheries productivity and management.

2.2. Data sources

We derived spatially explicit historical (1970-2005)
and future (2006-2100) projections of unfished mar-
ine biomass of animals >10 cm (g C m~?; vertebrates
and invertebrates, excluding zooplankton; represent-
ing potentially harvestable biomass) from the Fish-
MIP simulation round 2a (Fish-MIP v.1.0; Tittensor et
al. 2018a,b). The time brackets related to historical
(observed) and future (projected) periods as per the
Earth System Model output for the Coupled Model
Intercomparison Project Phase 5 (CMIP5) and simi-
larly standardized for the Fish-MIP simulation proto-
col. Outputs of marine animal biomass were gener-
ated by 6 global marine ecosystem models with
different ecological structures and processes (Table 1,
Table S1 in the Supplement at www.int-res.com/
articles/suppl/m648p001_supp.pdf), each providing a
standardized measure of bulk harvestable biomass
production of animals >10 cm. Individual and com-
bined ecosystem model outputs have been compared
to empirical data across different temporal and
spatial scales with generally good agreement (e.g.
Blanchard et al. 2012, Christensen et al. 2015, Gal-
braith et al. 2017, Lotze et al. 2019).

Each ecosystem model was forced with standard-
ized outputs from 2 Earth System Models under con-
trasting RCPs following the Fish-MIP simulation pro-
tocol (Tittensor et al. 2018a). The 2 Earth System
Models, GFDL-ESM2M (Dunne et al. 2012) and
IPSL-CMS5A-LR (Dufresne et al. 2013), provided the
necessary depth- and time-resolved physical and
biogeochemical forcing variables required by Fish-
MIP models (Table 1, Table S1, Tittensor et al. 2018a)
and were derived from CMIPS (https://esgf-node.
lInl.gov/projects/cmip5/). However, GFDL-ESM2M
did not provide the monthly depth-resolved phyto-
plankton and zooplankton data needed by DPBM
and APECOSM, which were thus only run with IPSL-
CMS5A-LR, resulting in n = 10 marine ecosystem
model-Earth System Model combinations (referred
to as '‘model combination’ hereafter). The GFDL-
ESM2M and IPSL-CMS5A-LR outputs span a wide
range of projected Earth System changes under the
specific RCPs, with GFDL-ESM2M representing mo-
derate and IPSL-CMS5A-LR strong changes in SST
and net primary productivity (NPP), while other vari-
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2.3. Data analysis

2.3.1. Projected changes in the
North Atlantic Ocean

Projected time series of historical and future mar-
ine biomass of animals >10 cm for each model combi-
nation under RCP2.6 and RCP8.5 were extracted
from the Fish-MIP database for the North Atlantic
Ocean. We selected each grid cell centroid located in
the North Atlantic Ocean (see Fig. 1) using ArcMap
v.10.5 (ESRI) and calculated area-weighted annual
mean biomass changes for each 1° x 1° grid cell
(which vary in size depending on latitude and lon-
gitude) using the statistical software R (v.3.4.3).
DBEM's 0.5° x 0.5° resolution was adjusted to a 1° x
1° grid by averaging over each 1° x 1° grid cell.

For each grid cell and model combination, we stan-
dardized annual biomass time series to percent
change relative to the mean 1990-1999 biomass as a
historical reference period for the last decade of the
20" century. We then calculated mean percent bio-
mass changes to 2030-2039 as a near-future time
frame (the 2030s), which includes the target year
2030 of the United Nations Sustainable Development
Goals (SDGs), and to 2090-2099 as the last decade of
the 215 century as a far-future time frame (2090s) rel-
ative to the 1990s. We used calculations of relative
rather than absolute biomass changes because differ-
ent ecosystem models cover different components
(e.g. size classes, trophic groups, species) of the mar-
ine ecosystem and their absolute biomass estimates
are not directly comparable. These grid-cell specific
relative changes were then averaged over all model
combinations to derive an ensemble mean. We note
that most grid cells contained a full ensemble (n =
10), except nearshore cells which often had n = 6 or
less (Fig. S1) due to differences in nearshore resolu-
tion and how land-sea masks are applied across
models; however, previous sensitivity analyses com-
paring the full to reduced model ensembles did not
drastically change the overall magnitude or direction
of results (Bryndum-Buchholz et al. 2019, Lotze et al.
2019).

To evaluate the variability of individual projections
around the ensemble mean, we used 2 measures:
variability in the magnitude of projected relative bio-
mass changes (%), calculated as the standard devia-
tion (SD, expressed as % change) around the ensem-
ble mean (referred to as model spread), and
variability in the direction of projected changes (i.e.
increase/decrease), calculated as the percent model
agreement (Bopp et al. 2013). The model agreement

can range between 50% (half the models in the
ensemble agree on the direction of change) and
100 % (all models agree on the direction of change).
Generally, 80-100% represents high model agree-
ment in the ensemble projections (Bopp et al. 2013).

2.3.2. Projected changes in the NAFO
convention area

Within the NAFO convention area, we extracted
spatially explicit ensemble mean biomass changes
and calculated the model spread (SD) and percent
model agreement for each NAFO division (n = 35).
We first mapped spatial patterns of projected
changes in the ensemble mean biomass, and the
model spread and model agreement across the
NAFO convention area in the 2030s and 2090s rela-
tive to the 1990s under both emissions scenarios.

We used a similar approach to examine changes in
historical and projected SST and NPP across NAFO
divisions. We calculated mean relative changes in
SST and NPP in the 2030s and 2090s relative to the
1990s for each Earth System Model under the 2 con-
trasting emissions scenarios and derived the ensem-
ble mean (n = 2) for each NAFO division. We then
related changes in NPP to those in SST for each
NAFO division to examine underlying shifts in
oceanographic conditions under different climate-
change scenarios.

2.3.3. Relationship of projected biomass changes to
fisheries landings

To evaluate the potential impacts of future climate
change on fisheries production, we related mean
projected biomass changes (%) from the 1990s his-
torical reference period to the 2030s and 2090s for
both RCP2.6 and RCP8.5 to mean total fisheries land-
ings in each NAFO division during 1990-1999 (stan-
dardized by area, kg km~2). The biomass projections
and landings data both span the same area of interest
and the 1990s baseline decade. We used weighted
log-linear regression models to analyze the relation-
ship between mean projected biomass changes (%,
dependent variable) and mean fisheries landings (kg
km™2, independent variable) across NAFO divisions
(Eq. 1). We excluded NAFO divisions 6A-6H from
the regression analysis, as fisheries landings were
only recorded for 1990-1992. Further, we log trans-
formed the independent variable (fisheries landings)
to satisfy statistical assumptions of linearity and a
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constant relationship between the variance and the
mean for the residuals, based on a visual assessment.
We accounted for the fact that some divisions showed
higher model spread (SD) around the ensemble
mean biomass change by adding inverse variance
weights (1/SD) to the regression model. Larger
weights were assigned to biomass projections with
smaller SD, hence higher model agreement around
the ensemble mean, giving them more influence in
the regression analysis. The equation representing
our modelling approach was thus:

A; = Bo + B1 logio(L;) + &; (1)

where ¢; ~ N(0, 6%w;), A; is the relative change in pro-
jected future biomass, L;is the average landings data
within each NAFO division i, By and B; are the esti-
mated intercept and slope, respectively, €;is the error
term, w; the weighting for division I (inverse variance
weights), and o2 is the variance.

As a sensitivity analysis to account for variability in
fisheries landings over time, we ran additional re-
gression models with NAFO landings averaged over

1980-1989 or 2000-2009 instead; our results were
robust to these differences.

3. RESULTS
3.1. Projected changes in the North Atlantic Ocean

Our ensemble projections of trends in marine
animal biomass >10 cm revealed much greater
changes in the long term (by the 2090s) than in
the near future (by the 2030s), and much greater
changes under RCP8.5 than RCP2.6 (Fig. 1); bio-
mass was generally projected to increase in Arctic
and subarctic areas yet decline in most temperate
and subtropical areas.

In the near future (the 2030s), projected changes
relative to the 1990s showed spatially larger areas of
biomass decrease under RCP8.5 compared to RCP2.6
(Fig. 1). Notably, a region between 40-50° N latitude
off the western European coast showed consistently
higher declines compared to other regions in the

B RcP2.6 2090s

A RCP2.6 2030s

o
) | [

D RCP8.5 2090s 0

Latitude (°)

~90 —80 —70 -60 -50 —40 30 —20 —10 0 10 20 30 40

-90 -80 -70 —60 -50 40 -30 -20 -10 0
Longitude (°)

10 20 30 40

Fig. 1. Spatial patterns of ensemble projections for (A,B) RCP2.6 and (C,D) RCP8.5 in the North Atlantic Ocean. Shown are the

multi-model mean changes (%) in biomass of marine animals >10 cm in the (A,C) 2030s and (B,D) 2090s relative to the 1990s.

White outline: NAFO convention area. Country shapefile retrieved from https://www.naturalearthdata.com; NAFO conven-
tion area shapefile modified from https://www.nafo.int/Data/GIS

Change in biomass >10 cm (%)
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North Atlantic under both emissions scenarios (Fig. 1).
The model spread in the 2030s was lower under
RCP2.6 than RCP8.5 (Fig. S2), with consistently high
spread (£50 % SD) above 60°N and in large parts of
the Mediterranean Sea under both emissions scenar-
ios. Model agreement in the direction of projected
biomass changes by the 2030s was higher under
RCP2.6 than under RCP8.5 (Fig. S2). Under RCP8.5,
model agreement did not differ substantially be-
tween near- and far-future biomass changes (Fig. 2,
Fig. S2).

In the distant future (by the 2090s), projected bio-
mass changes under RCP2.6 generally followed a
similar spatial pattern compared to near-future
changes (Fig. 1). However, areas of projected bio-
mass increase were larger and areas of biomass
decrease smaller compared to RCP8.5, with overall
lower magnitudes of change. Also, the model spread
was lower under RCP2.6 and model agreement gen-
erally higher than under RCP8.5 (Fig. 2). Under
RCP8.5, in the 2090s several areas of high biomass
increase (25-75%) occurred above 60°N, off West

A RCP26 2030s

Africa (20-30°N), and in the Gulf of Mexico (Fig. 1);
however, they also showed high model spread
(x50% SD) and low model agreement (<80 %) on the
direction of change (Fig. 2). In contrast, areas of
largest biomass decline were found between
35-60°N, along the West African coastline (0-10° N),
and in most of the Caribbean Sea (Fig. 1), with low
model spread (below +20% SD) and high model
agreement (>80%) providing confidence in ensem-
ble results (Fig. 2).

3.2. Projected changes in the NAFO
convention area

Projected changes in marine animal biomass >10
cm, NPP, and SST across the individual NAFO divi-
sions differed in magnitude and some cases direction
of change between the near (the 2030s) and far (the
2090s) future relative to the historical reference
period (the 1990s) as well as between the 2 emissions
scenarios RCP2.6 and RCP8.5 (Figs. 3 & 4, Fig. S3).
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Fig. 2. Spatial patterns of (A,C) model variability and (B,D) model agreement in ensemble projections for (A,B) RCP2.6 and

(C,D) RCP8.5 in the North Atlantic Ocean in the 2090s relative to the 1990s. Model variability is represented as the inter-model
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are shown in Fig. S2. Country shapefile retrieved from https://www.naturalearthdata.com; NAFO convention area
shapefile modified from https://www.nafo.int/Data/GIS



Mar Ecol Prog Ser 648: 1-17, 2020

Latitude (°)

Latitude (°)

. 52e 3Pn 5Zw

B
RCP2.6 R?=0.33 Slope=-6.65 Std. Error=-/+1.75
— 601 RCP8.5 R2=0.36 Slope =-7.33  Std. Error = -/+ 1.81
< 0
~ 5
§
o 40
-
A
o 30
]
©
£ 20
]
o)
< 10
& o
g
5 -10
% -20
3 St.Dev.
>-301° 45
Y
—4014 A 20
31 100 316 1000 3162 10000 31622
NAFO landings (kg km)
D
RCP2.6 R?=0.23 Slope =-7 Std. Error = =/+ 2.3
601 RCP8.5 R2 = 0.36 Slope = -15.95 Std. Error = =/+ 3.95
X A
< 50 "
5
% 40 N
n 30
g 0A
1A
g 20 0By 1B,
a2 0B 1E 1C, 1B
c 10 1D
& o — 2
c
©
£
[3)
)
o
o
g
<

Longitude (°)

|
-25 0 25 50 75

Change in biomass >10 cm (%)

-10 2 AlDys - 3PN adT ™ =Y
.”:A 1E * o 3L 4T
-201 st.Dev. avs MR N 3n
e A5
-30{* 4 10 A3K 5Zw
e A 15 3MA3N 5
-40 : : %g 5v"
31 100 316 1000 3162 10000 31622

NAFO landings (kg km2)

Fig. 3. Future ensemble mean changes (%) in biomass of animals >10 cm under RCP8.5 in the (A) 2030s and (C) 2090s relative
to the 1990s, and (B,D) their respective relationships to average annual fisheries landings in the 1990s (kg km™2) across
individual NAFO divisions; (B) and (D) show inverse-variance weighted linear regressions. Number-letter combinations cor-
respond to NAFO divisions in the maps. Landings values are presented on a log scale. Horizontal line: 0% change. Spatial re-
sults for projected biomass changes under RCP2.6 are shown in Fig. S3, and relationships with fisheries landings in the 1980s
and 2000s in Fig. S4. Country shapefile retrieved from www.diva-gis.org/gdata; NAFO division shapefile retrieved from

https://www.nafo.int/Data/GIS



Bryndum-Buchholz et al.: Climate-change impacts and fisheries management challenges 9

A 2030s B 2090s
45 ® RCP2.6 | |
A RCP8.5
6A ) . 6A
3Pn. @ ©® Median °
°, °
35 oA 0A
4R
°e 3Pn
4Vn R
4Vn
(] «R® °
- 257 1A ) i
Q) ® 0B °
> or o o £
- 0B, 6E ‘6D A
o o of A 1A 6C 3m
A 15+ o Togestw - ) G\y/e
4 2J. (] 6C” 6F g 5Y SF\ﬁ 4X
c b 1BO8H  ®5z 520”4 a5Y
- 3K” Oy 45® AW o0 o 4T
o AY 210 §7e%us
o)) 5 6H 4vs 30 b 3K’ _6G @4vs 6H
= o6 o oH® o SPs sad 3PN
®© L 3K e % 57w o o'f o 30 AA 4y,
< Ee 20y A X M Tic e 3K, 6B,5F
(&) 1—& for % 3N - aN WA 4R
-5 3pn o - © 2 6 dol" N
6F /4T 6D
sl Asp‘ Ay 0A  szw
. 4RE 6G As%fie aN w oA ax A TaT
® o 48 aw nA L o AdZe
15 1AhoH A - 'F sYA %8
= oo v 184X 26 4vs “»
08 A M 4w 3Ps
1F 984 1B A3O 1F 1E
f1C 1D 430
e
—25- 1D 4

01 04 09 14
Change in SST (°C)

19 24 29 34 39 44

01 04 09 14 19 24 29 34 39 44
Change in SST (°C)
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By the 2030s, biomass under RCP2.6 was projected
to decrease in most divisions, while some regions in
the northern divisions 0A-B and 1A showed projected
biomass increases by up to 75% (Fig. S3A). The pro-
jected near-future biomass changes were similar un-
der RCP8.5 (Fig. 3A). By the 2090s, biomass projec-
tions again showed similar patterns under RCP2.6
(Fig. S3C); however, expanding and exacerbated bio-
mass declines were projected under RCP8.5 (Fig. 3C).
Most of the NAFO convention area below 60° N was
projected to experience large biomass declines (-10
to —40%), with peak declines in NAFO subarea 3,
while biomass was projected to increase in NAFO di-
visions OA, 0B, 1A, and 1B (Fig. 3C).

The spatial trends in projected biomass changes
generally corresponded to a combination of pro-
jected changes in NPP and SST generated by the
Earth System Models (Fig. 4). In the near future
(Fig. 4A), most NAFO divisions were projected to
experience an SST increase of <1°C (median 0.78°C
under RCP2.6, 0.86°C under RCP8.5), with only few
attaining values up to 1.5-1.8°C and only one area
(Division 2J) showing a slight SST decrease under
RCP2.6. However, the majority of NAFO divisions
experienced an increase in NPP under RCP2.6 (85 %
of NAFO divisions, median 12% change) but a

decrease in NPP under RCP8.5 (94 % of NAFO divi-
sions, median —9.5 % change). By the 2090s (Fig. 4B),
there were distinct differences in both SST and NPP
between RCP2.6 and RCP8.5. Under RCP2.6, pro-
jected SST changes were slightly greater (median
0.83°C) and NPP changes lower (median 8.6 %) than
those in the 2030s. Under RCP8.5, projected SST
changes were much greater (median 3°C), reaching
4°C in several divisions (e.g. 3M, 3N, 3Ps, 4T, and
4S), while NPP mostly declined (86 % of NAFO divi-
sions, median -9.5 %).

3.3. Relationship oi projected biomass changes to
fisheries landings

Projected biomass changes showed negative rela-
tionships with mean fisheries landings in the NAFO
convention area, with similar slopes under both
emissions scenarios in the near future (Fig. 3B) yet a
more negative slope under RCP8.5 than RCP2.6 in
the far future (Fig. 3D, Table S2). The variation
around the analyzed relationship increased (SD
around the slopes; Table S2), between near- and far-
future changes under both emission scenarios, while
the fit (adj. R?) remained similar.
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Under RCP2.6 and RCP8.5, projected biomass
decreased in most NAFO divisions with mean fish-
eries landings of >1000 kg km™. Divisions that
showed projected biomass increases included north-
ern divisions (subarea 0, 1, and 2) with mostly lower
mean landings (<1000 kg km~2; Fig. 3). Notably, by
the 2090s, divisions with lower landings (i.e. 0A, 0B,
and 1A) were projected to experience biomass in-
creases between 20 and 70% under RCP8.5; how-
ever, most divisions with higher landings were pro-
jected to experience biomass decreases between 5
and 40% (Fig. 3D). Our sensitivity analyses also
revealed negative relationships between projected
biomass changes and mean landings in the 1980s
and 2000s under both emissions scenarios for near-
and far-future changes (Fig. S4) and corroborated the
results of our selected 1990s time frame (Fig. 3), since
the spatial distribution of mean landings across
NAFO divisions did not differ substantially across the
decades (Fig. S5).

4. DISCUSSION

This study highlights that climate change will have
substantial impacts on marine ecosystems and the
future of living marine resources in the North
Atlantic Ocean, which will pose challenges for fish-
eries management. Understanding the magnitude of
effects and their consequences is therefore critical for
the development of sustainable fisheries into the
future. Our ensemble projections revealed that the
largest biomass changes and fisheries management
challenges will manifest in the long term towards the
end of the 21% century and under the worst-case
emissions scenario compared to the near-future (the
2030s) and strong-mitigation scenario. Moreover, our
results highlight regional differences in the direction
and magnitude of projected changes in marine ani-
mal biomass and underlying environmental drivers
across NAFO divisions; projections show potential
biomass increases and associated benefits in north-
ern regions with historically low fisheries landings
compared to biomass declines in more southern
regions with historically high fisheries landings. Our
ensemble modeling approach highlights regions
with a strong agreement and low variability among
individual model projections and regions with strong
differences, which offers valuable insights into
model uncertainties that can be used to improve indi-
vidual Earth System and ecosystem models (e.g. their
structure, processes, and resolution) and their utility
to inform fisheries management.

4.1. Projected changes in the North Atlantic Ocean

Across the North Atlantic, spatial patterns of pro-
jected biomass changes were similar in the near (the
2030s) and far future (the 2090s); however, the mag-
nitude of change increased over time and from
strong mitigation (RCP2.6) to a worst-case (RCP8.5)
scenario. These results demonstrate the potential
benefits of climate-change mitigation under the Paris
Agreement (UNFCCC 2015). Notably, regions above
60° N and off Northwest Africa were projected to ex-
perience large biomass increases, indicating emerg-
ing ecosystem conditions that favor oceanic produc-
tivity due to climate change, such as warming polar
waters and increased primary production; however,
the high variability and low model agreement in
these regions, likely due to uncertainties in Earth
System Model projections in polar and upwelling
areas (Bopp et al. 2013), suggest a broad range of
potential future trajectories. In contrast, nearshore
waters along the North American East Coast, the UK
and Ireland, and along the West African coastline are
projected to experience overall biomass declines
under both emissions scenarios, highlighting climate-
change related decreases in marine ecosystem pro-
duction related to warming-induced increased strati-
fication and reduced primary production. In these
regions, low model variability and high agreement
suggest greater certainty in future trajectories.

The spatial patterns of projected biomass changes
are concurrent with observed and projected changes
in 2 key drivers of marine ecosystem dynamics—
temperature and primary production. In the North
Atlantic, the highest rates of warming over the last 3
decades have been observed at the Gulf Stream
Front and in the Labrador Sea in the west, and on the
European continental shelf above 50°N in the east
(Taboada & Anadén 2012, Pershing et al. 2015), with
consequences for nutrient cycling, phytoplankton
concentrations, and fish recruitment (Boyce & Worm
2015, Britten et al. 2016). For example, in Canada's
Atlantic waters, rising temperatures and declining
phytoplankton levels have already led to lower pro-
duction potential over recent decades (Bernier et al.
2018); under RCP8.5, our results show continued
high warming and NPP declines leading to substan-
tial biomass decreases by 2100. In the North Sea,
NPP has declined since the 1980s as a function of
increasing SST and decreasing riverine nutrient
input, leading to reduced higher trophic level bio-
mass and fish stock recruitment (Capuzzo et al.
2018). Future projections suggest further NPP de-
creases by up to 70% by 2100 (Barange et al. 2018)
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and 10-60% decreases in the biomass of key com-
mercial fish stocks within UK waters under RCP2.6
and RCP8.5 (Fernandes et al. 2017); our results pro-
ject biomass decreases of at least 75% in several
Northeast Atlantic areas including the Irish, Celtic,
and North Seas.

Generally, our ensemble results agree with ob-
served and projected spatial trends in North Atlantic
ecosystems but highlight regional variation in bio-
mass projections. This regional variation in biomass
decreases and increases can help identify regions
with disadvantages (losers) and benefits (winners),
respectively, for fishery-dependent societies in terms
of consequences for seafood supply, fisheries opera-
tions, and challenges for marine management and
conservation (Blanchard et al. 2017, Greenan et al.
2018). Eventually, the socio-economic and environ-
mental impacts of climate change will also depend
on future trajectories of commercial fisheries, aqua-
culture, and other human activities, including their
politically adaptive and mitigative capacities (Blan-
chard et al. 2017, Galbraith et al. 2017, Lotze et al.
2019).

4.2. Projected changes in the NAFO
convention area

The NAFO convention area spans major fishing
grounds along the coasts of the Northeast USA,
Atlantic and Arctic Canada, and Greenland, which
have supported people for centuries and longer. Our
ensemble projections suggest substantial changes in
future marine animal biomass across NAFO divi-
sions, yet projected changes differed in magnitude
and in some cases direction between the near (the
2030s) and far (the 2090s) future relative to the his-
torical reference period (the 1990s) and between
low- and high-emissions scenarios.

Projected biomass declines were consistently
higher within NAFO divisions 3L-30, which include
the Grand Banks of Newfoundland and the Flemish
Cap, historically 2 of the richest fishing grounds in
the world, supported by constant mixing of the cold
and nutrient-rich Labrador Current and the warm
Gulf Stream (DFO 2012). Water temperatures in
these regions are anticipated to increase by more
than 3°C over the 21 century (RCP8.5), likely re-
lated to changes in large-scale ocean circulation, in
particular a northward expansion of the Subtropical
Gyre or shift of the Gulf Stream (Saba et al. 2016,
Greenan et al. 2018), with considerable impacts on
this highly productive shelf ecosystem and the fish-

eries it supports. Although warm-adapted species
may move in from the south, projected decreases
in NPP under RCP8.5 will limit possible secondary
production. We caution, however, that projected
changes in Northwest Atlantic circulation patterns
remain uncertain due to the limited capability of
Earth System Models to represent complex oceano-
graphic processes within this region and for fine
scales and coastal areas (Sgubin et al. 2017).

Within Northeast US waters (NAFO divisions 5Y,
5Zw, 5Ze, 6A-6D), our projections also suggest
strong biomass declines, particularly under RCP8.5,
related to declining NPP and increasing SST. Recent
observations indicate clear distributional shifts in
more than 30 commercial fish stocks that are consis-
tent with warming (Nye et al. 2009). For example, in
the Gulf of Maine, a substantial reduction in recruit-
ment and increasing mortality rates in Atlantic cod
Gadus morhua populations have been observed, due
to extreme water temperatures (Pershing et al. 2015).
In the future, major US Atlantic fish stocks are pro-
jected to decline due to changes in thermal habitats,
especially after 2060 (Shackell et al. 2014). Some of
these species will move into Canadian waters from
the south, with cold-adapted invertebrate and fish
species moving further north or towards deeper or
more offshore waters in search of colder habitats
(Pinsky et al. 2013, Shackell et al. 2014, Stortini et al.
2015). These changes will alter regional food-web
structure and species composition. On the other
hand, an influx of warm-water species from the south
may have increased marine diversity and productiv-
ity within some regions of the US northeast in recent
decades (Friedland et al. 2020).

In the northern NAFO divisions 0A-0B and 1A-1B,
which include Baffin Bay, the Davis Strait, and the
Labrador Sea, our ensemble projected biomass in-
creases by the 2090s under both emissions scenarios,
indicating enhanced ocean production and poleward
shifts of marine animals as new habitats become
available. In recent decades, polar regions have been
warming at some of the highest rates on the globe
(Hoegh-Guldberg & Bruno 2010), resulting in longer
growing seasons for phytoplankton, increased pri-
mary production, and loss of sea ice, opening new
habitats that sustain growth and survival for shifting
species (Cheung et al. 2009, Frainer et al. 2017,
Andrews et al. 2019). Overall, gradual to substantial
changes in species distribution are expected by the
2030s and 2090s, respectively, which will affect ani-
mal biomass, species diversity, community organiza-
tion, and ecosystem functions and services (Cheung
et al. 2009, 2010, Worm & Lotze 2016).
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Across the NAFO convention area, projected SST
increased in most divisions under both emissions sce-
narios, whereas NPP mostly increased under RCP2.6
yet decreased under RCP8.5. Both water tempera-
ture and primary production are critical drivers of
marine ecosystem dynamics and important forcing
variables in our model ensemble (Bopp et al. 2013,
Worm & Lotze 2016, Tittensor et al. 2018a). Several
other physical and biochemical factors are also influ-
enced by climate change, such as pH, oxygen con-
centration, salinity, and sea-ice cover, which were
considered by some ecosystem models (Table 1) (Tit-
tensor et al. 2018a). Interestingly, by the 2030s, pro-
jected changes in SST did not differ in magnitude
between emissions scenarios; however, distinct dif-
ferences between RCP2.6 and RCP8.5 were pro-
jected by the 2090s. These patterns highlight the
importance of implementing long-term effective
climate-change mitigation measures to avoid ex-
treme ocean warming and potentially deleterious
effects on marine ecosystems.

In NAFO divisions 3K, 3M, 30, 3Pn, and 3Ps, pro-
jected animal biomass declined despite increases in
NPP under RCP2.6 (but decreases under RCP8.5) for
both the 2030s and 2090s, which may indicate a
response to increasing water temperatures, rather
than nutrient or prey limitations. As individual eco-
system models differ in the configuration of funda-
mental structures, taxonomic groups, and ecological
processes, this response within the model ensemble
was likely influenced by size-structured models
(BOATS, Macroecological, DPBM; see Table S1,
Figs. S6 & S7), which focus on metabolic rates and
energy flow, leading to biomass projections respond-
ing strongly to SST changes (Jennings &
Collingridge 2015, Carrozza et al. 2016, Bryndum-
Buchholz et al. 2019, Lotze et al. 2019). In NAFO sub-
area 5, strong negative biomass responses to declin-
ing NPP and increasing SST were projected under
RCP8.5 both in the near and far future. Here, the
ensemble projections were likely influenced by mod-
els that respond more strongly to a combination of
temperature, NPP, and additional drivers, such as pH
and oxygen, affecting habitat availability and species
distribution (e.g. EcoOcean, DBEM,; see Table S1,
Figs. S6 & S7, Lotze et al. 2019).

4.3. Relationship of projected biomass changes to
fisheries landings

Climate change is already impacting regional and
global fisheries and the societies that depend on

them, driving the need for resilient and adaptive,
ideally pro-active management solutions (e.g. Alli-
son et al. 2009, Cheung et al. 2013, Free et al. 2019,
Barange 2019). In the Northwest Atlantic, regional
fisheries production is already responding to rising
sea temperatures and is expected to continue to
change with global warming (Cheung et al. 2010).
For example, the Gulf of Maine (NAFO division 5Y)
lobster fishery has been recording record-breaking
landings; however, the warmer southern New Eng-
land (NAFO divisions 5Zw and 6A) fisheries have
collapsed (Le Bris et al. 2018). The differences
between the 2 lobster fisheries were primarily attrib-
uted to differences in their management and above-
average increasing water temperatures (Le Bris et al.
2018). In Atlantic Canada, higher water tempera-
tures favor lobster populations, which are rapidly
increasing on the Scotian Shelf, whereas 2 other
high-value but cold-water invertebrate species—the
northern shrimp Pandalus borealis and northern
snow crab Chionoecetes opilio—have been declining
on the Scotian Shelf and Newfoundland-Labrador
Shelf over the past decade (Bernier et al. 2018, DFO
2018a, 2019a). These examples highlight current and
potential future challenges for fisheries management
under rapidly changing ocean conditions.

Our ensemble projections indicate potential future
trajectories of harvestable biomass under climate
change relative to the 1990s, which we then com-
pared to fishing levels in the 1990s within NAFO
divisions. The nature of the relationships provides
information about potential climate-driven future
changes in animal biomass that may influence fish-
eries production and thus be relevant for managers.
For instance, forecasted biomass declines in divisions
with traditionally high fish landings may suggest that
fisheries may become less productive, or that fishers
may need to spatially shift fishing efforts as target
species move into other divisions. Additionally, fore-
casted biomass in northern NAFO divisions, which
were historically less exploited, largely increased,
indicating that fisheries may become more produc-
tive in these divisions. Understanding how fish bio-
mass will change relative to its historical distribution
will be important to proactively manage the fisheries.
Our ensemble models do not include fishing pressure
or management effects on marine biomass, and no
direct link between our biomass projections and fish-
eries landings was assumed. We expected more
southern NAFO subareas (3, 4, 5, and 6) to be more
negatively affected by climate change, as these
regions are in warmer, more temperate waters com-
pared to the colder, more northern subareas (0, 1,
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and 2). Our results corroborate these expectations;
negative climate-change impacts on potential future
harvestable biomass in southern divisions coincide
with regions of traditionally higher fisheries land-
ings, such as the Grand Banks of Newfoundland, the
Scotian Shelf, and the Gulf of Maine, all of which are
already reporting climate-change related fisheries
harvest reductions (Pershing et al. 2015, DFO 2018a,
2019a, Bernier et al. 2018, Le Bris et al. 2018).

Interestingly, the relationship between projected
biomass changes and historical fisheries landings
remains very similar between the 2030s and 2090s
under the strong-mitigation scenario (RCP2.6).
Under the worst-case scenario (RCP8.5), however,
the regression slopes differed compared to RCP2.6 as
well as between near- and far-future changes, high-
lighting that long-term climate-change mitigation
efforts are paramount to avoid extreme changes in
future harvestable biomass and associated socio-eco-
nomic implications for Northwest Atlantic fishing
communities. Some fisheries may become less prof-
itable as stocks become less productive or shift their
distribution with climate change. In response, fishing
effort may redistribute, which can lead to overfishing
and exacerbated population declines if not ade-
quately accounted for in fisheries management (Pin-
sky & Fogarty 2012). Hence, future fisheries manage-
ment frameworks will not only need to explicitly
account for long-term climate-change effects on har-
vestable biomass, but also consider human responses
to these changes (Pinsky & Fogarty 2012).

4.4. Implications for fisheries management

How can we ensure the sustainability of commer-
cial fisheries and targeted fish stocks under global
change? This question applies to species and ecosys-
tem conservation, but also to the adaptability and
resilience of the institutions in charge of managing
national and international fisheries (Rayfuse 2012,
2019). Given the current level of overfishing in many
fisheries worldwide and the anticipated climate-
change impacts on ocean productivity, this study
underlines the need for climate-adaptive fisheries
management, which includes proactive management
strategies that aim to mitigate, adapt, or respond to
climate-change impacts to achieve long-term fish-
eries sustainability on regional and global scales
(Wilson et al. 2018, Barange 2019).

Our ensemble results highlight substantial climate-
change induced biomass changes within most of the
temperate North Atlantic and NAFO convention area

under 2 contrasting emissions scenarios, indicating
challenges for the long-term sustainable manage-
ment of living marine resources. Management meas-
ures by regional and national fisheries management
agencies must be fully integrated with a comprehen-
sive scientific understanding of the ecological (and
socio-economic) consequences of climate change
and develop an increased ability to continually adapt
to new ecological realities arising from changing
environmental conditions (Miller et al. 2010, Rayfuse
2019). Our results may help to identify and evaluate
climate-adaptation strategies, which is imperative to
proactively develop fishery policies that facilitate
required changes in current management systems
(Mills et al. 2013). However, considering long-term
natural and anthropogenic climate change in tradi-
tional fisheries sciences, such as stock assessments
that guide management decisions, has proven diffi-
cult to implement (Pinsky & Mantua 2014, Marshall
et al. 2019).

In addition to our ensemble projections, finer scale
regional or species-specific ecosystem models may
be of value for some fisheries management frame-
works, as most fishing effort occurs in coastal or shelf
regions, and many fisheries are managed based on
single-species stock assessments (Guiet et al. 2019,
Marshall et al. 2019). For fisheries management
frameworks to account for climate change, marine
ecosystem models ideally need to provide spatially
resolved, species-specific forecasts under different
fishing mortality levels for a range of climate-change
scenarios and time scales (e.g. seasonal, 2, 5, or
10 yr). Such forecasts could support management
agencies, such as DFO, which is already providing
seasonal forecasts of Pacific salmon production and
associated fishing opportunities and consequences
(DFO 2018b). When implemented at the appropriate
spatial and temporal resolutions, utilizing marine
ecosystem models within fisheries management
frameworks can facilitate incorporating climate
change into ecosystem monitoring, stock assess-
ments, spatial management, international agree-
ments, and management of emerging fisheries (Pin-
sky & Mantua 2014). Our ensemble projections, for
instance, indicate spatial shifts of harvestable bio-
mass production suggesting potential future conse-
quences for local fishing communities in terms of
access and reduced catches (Greenan et al. 2018,
Rogers et al. 2019). Such long-term projections may
facilitate setting long-term management and conser-
vation measures; for example, redefining stock
boundaries as populations shift to enable more accu-
rate stock assessments (Pinsky & Mantua 2014). Fur-
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ther, boundaries of fisheries closures and marine
conservation areas could, in some instances, be
dynamically re-evaluated to ensure long-term effec-
tive management and conservation outcomes under
global change (Tittensor et al. 2019).

4.5. Limitations and future research

Our ensemble projections carry certain limitations
that need to be considered. First, individual global
marine ecosystem models in our model ensemble did
not resolve every grid cell in our study region due to
different marine ecosystem models using their spe-
cific grids and land-sea masks. Generally, open-
ocean regions had greater model coverage than
nearshore, coastal regions (Fig. S1). Consequently,
low model coverage in some coastal grid cells
reduced the number of marine ecosystem models
incorporated into the ensemble model mean. Never-
theless, our historical ensemble projections captured
temporal variations of biomass levels within the
NAFO region that reflect a substantial reduction of
biomass in the early 1990s (Fig. S8).

Second, model projections based on global Earth
System Models are often less reliable in coastal or
polar regions (Bonan & Doney 2018, Derksen et al.
2018), as their resolution can be too coarse to capture
small-scale oceanic dynamics, such as varying mix-
ing patterns, upwelling, open-ocean connection, and
marginal sea currents (Holt et al. 2009, Tittensor et
al. 2018a). However, they could be improved through
increased spatial resolution or coordinated regional
downscaling to capture small-scale dynamics (Holt et
al. 2017, Stock et al. 2017). Moreover, future ensem-
ble projections of marine ecosystems will likely be
refined with the integration of fully 3-dimensional
depth-resolved monthly biogeochemical variables
provided through CMIP6 (Ruane et al. 2016, Titten-
sor et al. 2018a).

Third, fishing is an important human impact on
marine ecosystems and will add to climate-induced
stresses on global and regional scales (Frank et al.
2005, Pershing et al. 2015, Free et al. 2019). Given
that spatially explicit future fisheries scenarios are
yet unavailable for most models within Fish-MIP (Tit-
tensor et al. 2018a), our study did not include any
fishing effects, thus isolating the climate-change sig-
nal upon which fisheries impacts will be superim-
posed. Considering our focus on implications for fish-
eries management institutions, future fisheries
scenarios should ideally recognize the complexities
of fisheries management under global change, e.g.

increasing fishing costs due to increasing energy
costs and inefficient transboundary fish stock agree-
ments due to geographical shifts of commercially tar-
geted stocks (Maury et al. 2017, VanderZwaag et al.
2017, Tittensor et al. 2018a, Cheung et al. 2019). This
remains a major challenge, especially in aligning any
such scenarios to common socio-economic scenarios
used to drive other sectors, such as the Shared
Socioeconomic Pathways, that define alternative tra-
jectories in society and ecosystems in a world without
climate policies (O'Neill et al. 2014), or the Oceanic
Socioeconomic Pathways addressing policy-relevant
scenarios for future ocean uses (Maury et al. 2017). In
addition to including dynamic fishing scenarios,
future marine ecosystem model development should
aim to incorporate other human drivers and regional
stressors, such as freshwater runoff, nutrient loading,
and habitat alteration, as well as marine conservation
efforts (i.e. increasing coverage of marine protected
areas), which are important influences in coastal
fisheries (Murawski et al. 2005, Cabral et al. 2019).

Finally, the information provided by global and
regional marine ecosystem models, such as projected
marine animal biomass changes, can be directly
incorporated in the scientific advice of fisheries man-
agement organizations. One approach, which has
been proposed by DFO, is a conceptual risk assess-
ment that incorporates climate-change related infor-
mation into their science advice in context of stock
assessments (DFO 2019b). This ‘climate-change con-
ditioned advice' identifies appropriate variables
reflecting climate change that affect the dynamics of
a resource and links these to the risk assessment
component of the advice (DFO 2019b).

5. CONCLUSIONS

Our ensemble projections in the North Atlantic
Ocean and within the NAFO convention area
demonstrate substantial changes in future marine
fish biomass with climate change. Our findings sug-
gest benefits from effective climate-change mitiga-
tion under the Paris Agreement by keeping global
temperature rise in this century well below 2°C
above pre-industrial levels. We identified a strong
relationship between areas of projected future de-
clines in harvestable biomass and historically impor-
tant fishing grounds, such as the Grand Banks of
Newfoundland, the Scotian Shelf, and the Gulf of
Maine, indicating long-term challenges for the re-
sponsible management authorities. Understanding
climate-change impacts on marine ecosystems and
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progress in meeting the goals for food security ‘Boyce DG, Worm B (2015) Patterns and ecological implica-
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