1.0 Methods

1.1 Arctic fisheries data
We accessed the most recently published annual dataset of fish and shellfish landings in the Arctic Ocean: the year 2014 data from the ‘Sea

Around Us’ database (Pauly and Zeller 2020). Data was downloaded in the format of large marine ecosystems zones, we then categorized each
into five biogeochemical regions, based on previous work by Carmack and Wassmann (2006) and following Findlay et al. (2015): the inflow
shelves of the Atlantic influenced seas (AiS) and Pacific influenced seas (PiS); the river influenced seas (RiS); the central Arctic Ocean (CAO);
and the outflow shelves (OFS) of the Canadian Arctic and East Greenland (Figure 1) (Supplementary Table 4). We chose to only include in our
review landings of organism that had been identified down to species level, that had recorded landings over 2000 tonnage as a landing value cut
off, this was used as cut off to capture the most economically important species whilst still relatively low to capture some of the lower-level fish
species, such as the Norway lobster (Nephrops norvegicus) which had a tonnage of 2,008. This resulted in forty-seven species (see list below).
We then carried out a literature search on those forty-seven species.

1.2 Literature search
Google scholar was used to search key terms such as common species and scientific names including: Atlantic cod Gadus morhua, Atlantic

herring Clupea harengus, Blue whiting Micromesistius poutassou, Atlantic mackerel Scomber scombrus, Capelin Mallotus villosus, Haddock
Melanogrammus aeglefinus, Saithe Pollachius virens, Alaska pollock Theragra chalcogramma, Northern prawn Pandalus borealis, Greenland
halibut Reinhardtius hippoglossoides, Golden redfish Sebastes norvegicus, Beaked redfish Sebastes mentella, Ling Molva molva, Tusk Brosme
brosme, European plaice Pleuronectes platessa, Lumpfish Cyclopterus lumpus, Pink salmon Oncorhynchus gorbuscha, Atlantic wolffish
Anarhichas lupus, Northern wolffish Anarhichas denticulatus, Red king crab Paralithodes camtschaticus, Pacific herring Clupea pallasii,
Spotted wolffish Anarhichas minor, Snow crab Chionoecetes opilio, Sockeye salmon Oncorhynchus nerka, Chum salmon Oncorhynchus keta,
Coho salmon Oncorhynchus kisutch, Golden King crab Lithodes aequispinus, Arrowtooth flounder Atheresthes stomias, American plaice
Hippoglossoides platessoides, Pacific cod Gadus macrocephalus, Pacific ocean perch Sebastes alutus, Pacific sandlance Ammodytes personatus,
Pacific saury Cololabis saira, Norway lobster Nephrops norvegicus, American lobster Homarus americanus, Pacific halibut Hippoglossus
stenolepis, Yellowfin sole Limanda aspera, Rock sole Lepidopsetta bilineata, Flathead sole Hippoglossoides elassodon, Rex sole
Glyptocephalus zachirus, Same-spine stone crab Lithodes aequispinus, Atka mackerel Pleurogrammus monopterygius, Flathead grey mullet



Mugil cephalus, Sablefish Anoplopoma fimbria, Yellowtail flounder Limanda ferruginea, American sea scallop Placopecten magellanicus,
Queen scallop Aequipecten opercularis and Saffron cod Eleginus gracilis.

Then words ‘ocean acidification’, ‘Arctic Ocean’, ‘multi stressor’. Relevant papers were then filtered by abstract, under the criteria that the paper
included OA impact study of one of the forty-seven top landed species. Then the ‘snowballing technique” was applied to find further work from
references of relevant papers (Malinauskaite et al., 2019). Information from the papers was summarised into Table S2. For the literature search
regarding stressors Google scholar was used to search key terms ‘stressor’, ‘Arctic Ocean’, ‘changing Arctic’, ‘warming’, ‘carbonate chemistry’,
‘total alkalinity’, ‘dissolved inorganic carbon’, ‘pH’, ‘COz’, ‘ice loss’, ‘freshwater input’, ‘light availability’, ‘invasive species’. We included
any publications that had been published up until June 2020.

2.0 Supplementary tables



Supplementary table 1. Studies of ocean acidification impact on the top 60 landed species by weight in the Arctic Ocean catch data found at ‘Sea around Us’ database (Pauly & Zeller 2020).
Stressors: OA = ocean acidification, T = temperature, F = food. Stressor effects: NSR = no significant response, SAR =significant altered response, PR= positive response, NR= negative
response. Life stages: S=sperm, E = embryo, L = larval, P = post larval, J = juvenile, Sa = subadult, A = adult. pCO: = partial pressure of CO2, pH and scale stated if published, pHt = total
scale, pHnse= NBS scale, pHr= free scale, pHs= seawater scale. AiS= Atlantic influenced seas; PiS= Pacific influenced sea; RiS= River influenced seas; CA= central Arctic; OFS = Outflow shelf

Figure Ecological process Species Regio Stressor Mechanism Lif Method References Notes
1b n OA T F O O Tested e
A A Sta
refere A ge
nce TF
map
refere
nce
1 Sperm motility Gadus morchua AiS  NSR Sperm speed, S  pCO:2 380, 1400 patm; Frommel et al. 2010  Baltic cod stock
Atlantic cod OFS rate of change pHt 8.08, 7.55; T: 8-
of direction & 9.5°C
percent motility
2 Growth and Gadus morchua AiS NR Larval growth, L  pCO.. 380, 1800, 4200 Frommel etal., 2012 Tissue damage found in larvae with
development Atlantic cod OFS development of patm; pHr 8.08, 7.45, decreasing pH, though large
internal organs 7.08; duration: 46 days difference between medium and high
post hatch pCO, treatment levels, hard to
identify the larval threshold.
3 Gene expression Gadus morchua AiS NR Transcriptome L pCO» 503, 1179 patm; Mittermayer et al. Different response between larval
Atlantic cod OFS profiling T: 6-10°C; duration: 2019 stages, high mortality and
mRNA 36 days post hatch histological tissue change as a result
sequencing, of treatment.
gene ontology
4 Calcification of the Gadus morchua AiS  SAR Otolithsurface L  pCO; 370, 1800,4200 Manejaetal., 2013 Signif. difference in size of otoliths
otoliths Atlantic cod OFS area and growth patm; pHr 8.08, 7.45, between treatments but not in shape
rates 7.08; T:5-10°C; of otoliths.
duration: 46 days Bergen/ North Sea stock
5 Metabolic rates and Gadus morchua AiS  NSR Standard and A Exp.l: pCO.5792, Melzner et al. 2009 Each experiment used fish from
swimming speeds Atlantic cod OFS active 537.2 ppm; pHy: 7.01, different location; North Eastern

metabolic rates,

critical

8.01; duration: 1 year

Arctic Cod and North Sea Cod.
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AiS
OFS
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Maximal A
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permeabilised
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Transepithelial A
ion transporters
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Exp. 1: egg E,
survival and L
hatching

success

Exp. 2:
development

Exp. 3:

biochemical
indicators

Exp. 4:
development

Exp. 5: OA and
increased
temperature

effect on
biochemical
indicators and
otolith analysis

Exp.2: pCO2 3080,
528.3 ppm; pHy: 7.30,
8.02; duration: 4
months

Both T: 5-5.5°C.

pCO,. 400, 1170 patm;
T:3,8,12,16°C;
Duration: 4 months

pCO2. 550, 1200, 2200
patm; T: 10, 18°C;
Duration: 4 weeks

Exp. 1: pCO2: 380,
560, 860, 1120, 1400,
4000 patm; pHnes
7.97,7.83,7.75, 7.68,
7.62,7.21; T: 7°C;
duration: until hatched.
Exp. 2: pCO2. 380,
840, 1400, 4000 patm;
pHnes 7.87, 7.68, 7.55,
7.16; T:6.6°C;
duration: 11 days post-
hatch.

Exp. 3: pCO,: 380,
1400, 4000 atm; pHnes
8.00,7.64,7.38; T:
7.4°C; duration: 7days
post-hatch.

Exp. 4: pCO>: 380,
1400 patm; pHnes
7.87,7.60; T: 7.4°C;
duration: 7- 10 days
post-hatch

Leo et al. 2017

Michael et al., 2016

Frommel et al., 2013

Northeast Arctic cod

Results suggest physiology plasticity
to warming and OA

Individuals used in this experiment
from Baltic population where in situ
pCO; has already been recorded to
be 1100 patm. The lack of response
to OA conditions could be down to
localised adaptation
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Intestinal lon Transport
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consumption and
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Energy budget and gill
ion regulatory
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Recruitment and
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Growth & survival

Gadus morchua
Atlantic cod

Gadus morchua
Atlantic cod

Gadus morchua
Atlantic cod

Gadus morchua
Atlantic cod

Gadus morchua
Atlantic cod

Gadus morchua
Atlantic cod

Gadus morchua
Atlantic cod

AiS
OFS

AiS
OFS

AiS
OFS

AiS
OFS

AiS
OFS

AiS
OFS

AiS
OFS

SAR

NSR

SAR

NR

NR

NR

SAR

awmwZz

awmw2Zz o w2z

I>wm

Intestinal acid—
base regulatory
machinery

Metabolism and
performance

Energy budget
and gill ion
regulatory
mechanisms
Hatching
success, oxygen
consumption,
mitochondrial
functioning,
Survival

Survival,
transgeneration
al alleviation

Growth,
survival, organ
development,
skeletogenesis

J

A

A

E,.L

Exp. 5: pCO-. 380,
1400, 4000 patm;
pHNss; 7.97, 7.60,
7.18;T:5,7,9°C;
duration: 91 days
pCO,: 550, 1200, 2200
patm;

T: 10, 18°C;

duration: 4 weeks
pCO,: 390 and 1170
patm; pHt: 7.61, 8.01,;
T:3,8,12, 16°C;
duration: 4 months

pCO,: 550, 1200, 2200
patm. pHr: 7.97, 7.65,
7.37; T: 10, 18°C;
duration: 3-4 weeks
pCO>: 400, 1100 patm
T:0,3,6,9,12°C

pCO2: 400-500, 1100
patm; T: 6-10°C;
duration: 32 days

pCO,. 400-500, 1110
patm; T: 6-10°C;
duration: parents 6
weeks before
spawning; larvae 16
days post hatch

pCO,; 503, 1179 patm;
duration: 35-36 days

Hu et al. 2016

Kunz et al. 2016

Kreiss et al. 2015

Dahlke et al. 2017

Stiasny et al., 2016

Stiasny et al., 2018

Stiasny et al., 2019

From Gullmarsfjord, Sweden

No effect of increased pCO-
conditions alone and combined
warming and OA nonsignif. trends.
Atlantic cod had higher fitness to
conditions than polar.

From Gullmarsfjord, Sweden

From @resund Strait, Baltic Sea. OA
will narrow the thermal tolerance
range of embryos

In the first 25 days post hatching
there was twice the mortality rate in
the high CO; treatment. Consistent
results for two different cod
population Barents Sea & Western
Baltic.

Transgenerational alleviation
dependant on food resources

Larvae in treatment with no food
experienced developmental problems
with internal organs, trade-off
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Behaviour

Behaviour

Swimming kinematics

Development

Development

Development

Gadus morchua
Atlantic cod

Gadus morchua
Atlantic cod

Gadus morchua
Atlantic cod

Clupea harengus
Atlantic herring

Clupea harengus
Atlantic herring

Clupea harengus
Atlantic herring

AiS
OFS

AiS
OFS

AiS
OFS

AiS
OFS

AiS
OFS

Airs
OFS

NSR

NSR SA

SAR

SAR

NR

NSR

awmw2Zz

Swimming
activity,
emergence from
shelter, absolute
and relative
lateralization

behavioural
laterality
spontaneous
activity

Swim duration,
distance and
speed, stop
duration, and
horizontal and
vertical turn
angles
Embryogenesis,
hatch rate,
length, dry
weight, yolk sac
area, otolith and
RNA/DNA
ratios

Growth,
development of
organs

Length,
proteome
structure

J

pCO2: 500, 1000 patm;
T:14-15°C

pCO,: control 374—
515 patm, high
852—1416 patm; T: 3,
8, 12, 16°C; duration:
6 weeks

pCO,. 370, 1800,
4200 patm; pHr: 8.08,
7.45,7.08; T: 5-10°C;
duration: 15 days

pCO2: 480, 1260,
1859, 2626, 2903,
4635 patm; pHe: 8.08,
7.67,7.49, 7.33, 7.28,
7.05; T: 14°C;
duration: until hatched

pCO2. 0.0385, 0.183,
0.426 kPa; pHr: 8.08,
7.45,7.07; T: 5-10°C;
duration: 39 days post
hatch

pCO,; 370, 1800 patm,;
pH: 7.45,7.08; T: 5-
10°C; duration: one
month

Jutfelt and Hedgéarde
2015

Schmidt et al. 2017

Maneja et al. 2013

Franke and
Clemmesen 2011

Frommel et al., 2014

Maneja et al., 2014

between growth and organ
development

Stock from western Svalbard

Stop duration signif. reduced but no
signif. difference in other variables.
Norwegian cod stock

Signif. negative effect found in
RNA/ DNA ratio but everything else
no effect seen.

Hatching RNA low which could
mean decrease in protein
biosynthesis

From Western Baltic Sea.

Decreased growth and development
rate and severe tissue damage

Proteome not signif. affected by
reduced pH, but a small difference
seen
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Behaviour

Survival

Growth performance
and survival

Development

Development

Clupea harengus
Atlantic herring

Clupea harengus
Atlantic herring

Clupea harengus
Atlantic herring

Theragra
chalcogramma
Alaska pollock

Theragra
chalcogramma
Alaska pollock

AiS
OFS

AiS
OFS

AiS

OFS

PiS

PiS

NSR

PR

NSR N

NSR

NSR

PR

Swimming L
Kinematics and
foraging

behaviour

Survival L

Survival, L
growth,

swimming

activity

Growth, J
changes in

otolith accretion
and elemental
composition

Hatch time, E,
condition index, L
eye diameter,

yolk area,

growth rate,

final condition

pCO2: 370, 1800, 4200
patm; pHr: 8.08, 7.44,
7.08; temperature: 5-
10°C; duration: 34
days post hatch

pCO,. 380, 760 patm;
T: 8.5-15.5°C;
duration: 113 days

pCO2. 400, 900 patm;
pH 7.8, 8.1; T: 10,
12°C; duration: 32
days

Exp 1: pCO,.414,478,
815, 1805 patm; T: 8-
9°C; duration: 6
weeks

Exp 2: (a) pCO2. 596,
828, 1285, 2894 patm;
T: 8°C; (b) pCO2: 225,
386, 643, 1543 patm;
T: 2.4°C; (both)
duration: 12 weeks;

Eggs: pCO2 310, 475, Hurst, Fernandez, and

828, 1933 patm
Larvae 1: pCO,. 287;
457; 805;1773 patm
Larvae 2: pCO,. 293,
411, 910, 1812 patm
Larvae 3: pCO.. 297,
426, 941, 1858 patm
All: T: 8°C; duration:
30 days

Maneja et al. 2015

Sswat, Stiasny,
Taucher, et al. 2018

Sswat, Stiasny,

Jutfelt, et al. 2018

Hurst et al. 2012

Mathis 2013

Ecosystem based perspective-
Survival of larvae increased by 19 %
due to enhanced primary production
from phytoplankton at higher pCO;
level, positive bottom up effect.
Stock from Swedish west coast
Strong temperature effect, CO,
effects were minimal in comparison

Stock from Oslo-Fjord
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32

33

34

Development

Development

Survival and consumer
sensory appeal

Development

Development

Development

Development

Development

Pandalus borealis
Northern prawn

Pandalus borealis
Northern prawn

Pandalus borealis
Northern prawn

Oncorhynchus
gorbuscha
Pink salmon

Paralithodes
camtschaticus
Red king crab

Paralithodes
camtschaticus
Red king crab

Paralithodes
camtschaticus
Red king crab

Paralithodes
camtschaticus
Red king crab

AiS
OF
PiS

AiS
OF
PiS

AiS
OF

PiS
PiS

PiS
AiS

PiS
AiS

PiS
AiS

PiS
AiS

NR Survival and
developmental
time

NR N N Hatching timing

and success,
and
development,
survival,
feeding,
respiration and
growth
NR Survival and
consumer
sensory appeal
NR Growth,
metabolic rate
and behaviour

NR Growth,
condition,
calcification,
and survival

NR Morphometrics,
hatch duration,
survival and
condition

NR Oxygen

consumption,

growth and
feeding ration.

Structure and

composition of

the cuticle

SAR SA N

—m

m

L

pCO,. 368-381, 1291
1332 patm;

T: 5°C; duration: 35
days

pCO,. 337474,
1,038-1,437 patm; T:
6.7,9.5°C

pCO2: 459, 1368
patm; T: 11°C;
duration: 3 weeks
pCO,: constant 450,
1600 patm, diurnal
fluctuating 450-2000
patm; pHr: 8.1, 7.5,
7.6 (peak); T: 6.8°C;
duration: 10 weeks
pCO2: 438, 792, 1638
patm; pHe: 8.04, 7.80,
7.50; T: 4.4-11.9°C;
duration: 200 days
pCO2. 963, 397 patm;
pHg: 7.71,8.04 T:
3-5°C

pCO, 332, 768, 1555
patm; pHe: 8.14, 7.80,
7.50; T: 6°C; duration:
3 weeks

Duration: 184 days;
(Ambient) pCO,. 491,
538, 587, pHe: 8.0,
7.97;7.94T: 8.5,
10.3,12.3°C

Bechmann et al. 2011

Arnberg et al. 2013

Dupont et al. 2014

Ouetal. 2015

Long et al., 2013a

Long et al., 2013b

Long, et al., 2019

Coffey et al. 2017

No signif. effect on survival but
signif. on development time,
individuals in increased pCO; took
longer to develop.

Increased pCO; caused delay in
development, elevated temperature
reduced survival but increased
metabolic feeding and development
rates

Increased pCO; increased mortality.
Appearance and taste quality also
reduced.

Negative effect on olfactory, growth,
metabolism and anti- predator
behaviour

At pCO; 1638 patm all crabs died
after 95 days.

Increase larval size and calcium %,
mean hatch duration 33% longer,
decreased survival

Increased oxygen consumption,
reduced growth and increased
mortality with increased pCO,.
Feeding did not change

Altered properties of the cuticle,
with unknown fitness consequences
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36

37

38

39

40

Development

Development

Development

Immune response

Development

Exp.1 behaviour Exp. 2
growth

Paralithodes
camtschaticus
Red king crab

Norway lobster
Nephrons norvegicus

Norway lobster
Nephrops norvegicus

Norway lobster
Nephrops norvegicus

Spotted wolffish
Anarhichas minor

Pacific cod
Gadus
macrocephalus

PiS
AiS

AiS

AiS

AiS

AiS

PiS

NR N

SAR PR

NSR

NR

NR

SAR

owmwZz

Survival,
growth, and
morphology

yolk
consumption,
mean heart rate,
rate of oxygen
consumption,
and oxidative
stress
Metabolic rate,
Growth

Total
haemocyte
counts

*Combined
hypoxia or Mn
with OA
negative effect

Growth, food
conversion
efficiency and
nephrocalcinosi
s

Behaviour,
growth and
condition
experiment

E,J

(treatment) pCO.: 826,
896, 955 patm;
pHg:7.79, 7.76, 7.75.
T: 8.6,10.5, 12.3°C
Duration: 184 days;
pCO,: 491-587, 826-
955; pHF: ~7.99, pH
7.8;

T: Ambient, Ambient
+2, Ambient +4 °C
pCO2 330- 632 patm;
pHr: 7.87- 8.11; 7.47-
7.71; T:5, 10, 12, 14,
16, 18°C; duration: 4
months

pCO,: 596, 1599, 615,
1415 patm; pHnes:
7.9,75,7.89, 7.55;T:
15°C; salinity 33.6, 21,
17.1; duration: 12 days
pCO2: 500, 1550 patm;
pHr 8.1, 7.6;

duration: 8 weeks

Last 2 weeks + stress
of either hypoxia
(~23% oxygen
saturation) or Mn (~9
mg L)

pHr 8.10, 6.98, 6.71,
6.45; T: 6°C; duration:
10 weeks

Exp. 1 pCO,: 600,
1500, 2250 patm. pHs
7.86,7.51,7.32;T:
7.7-7.8°C

Swiney, Long, and
Foy 2017

Styf, Nilsson Skéld,
and Eriksson 2013

Wood et al. 2015

Hernroth, Krang, and
Baden 2015

Foss, Rgsnes, and
Diestad 2003

Hurst et al. 2019

Mortality increased with temperature
and decrease in pH

Signif. effect on oxidative stress in
control group. Concluded insensitive
to OA.

Starvation with OA showed a greater
mortality, OA conditions require
greater energy requirements.

Reduction in haemocyte counts when
OA stressor combined with hypoxia
or Mn. Vibrio parahaemolyticus
unaffected by stressors.

Growth and feeding rates signif.
reduced at highest pCO,

Increased phototaxis at high pCOy,
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42

43

44

Development

Physiology

Physiology

Physiology

American lobsters
Homarus americanus

American lobsters
Homarus americanus

American lobsters
Homarus americanus

American lobsters
Homarus americanus

OTF

OTF

OTF

OTF

NR

NSR

SAR N

NR

0z

Growth and L
development

Cardiac Sa
performance,
haemocyte
abundance, and
hemolymph
chemistry
Survival,
development,
oxygen
consumption
and feeding rate
Survival, P,J
development

time, metabolic

and feeding

rates, carapace
composition,

and energy
metabolism

enzyme

function

o

Exp.2: pCO, 500,
1700 patm; pHs 7.98,
7.43; T: 7.4°C;
duration: 5 weeks
two different feeding

regimes
pCO, 400, 1200 ppm;
pH7.7,8.1; T:

20°C; duration: 12
days

pCOz2: 850, 490 ppm;
pHnes 8.0, 7.6; T: 12-
28°C; duration: 60
days

pCO2. 380, 750 ppm;
pH 8.0, 7.8; T: 16,
19°C

pCO,: 400, 600, 1000,
1200, 2000, 3000
patm; pH+ 8.0, 7.9,
78,7.7,7.7,7.4,7.2;
T: 18°C; duration: 40
days

Keppel, Scrosati, and
Courtenay 2012

Harrington and

Hamlin 2019

Waller et al. 2016

Menu-Courey et al.
2019

Shorter body length conditions and
greater time to molt under OA, could
make them more susceptible to
predators as larger time in water
column.

Results suggested an
immunosuppression in response to
OA and reduction in carrying
capacity. Warming and OA lead to
reduction in cardiac performance.

Increased food consumptions at high
temperature and high pCO,, Larger
impact from temperature than pCO,.

An increase in mortality and longer
development time could result in
lower recruitment




Supplementary table 2. The seas each region encompasses

Region name
Atlantic influenced seas (AiS)

Pacific influenced seas (PiS)
River influenced seas (RiS)

Central Arctic Ocean (CAO)
Outflow shelves (OFS)

The Seas each region encompasses

Faroe Plateau, Iceland shelf and Sea, Norwegian
Sea, Barents Sea

East Bering Sea; Aleutian Island; West Bering
Sea; and Northern Bering- Chukchi Sea

Kara Sea; Laptev Sea; East Siberian Sea and
Beaufort Sea

Central Arctic

Greenland Sea- East Greenland; Canadian high
Arctic- north Greenland; Canadian Eastern
Arctic- West Greenland, Hudson Bay, and
Labrador- Newfoundland



Supplementary table 3. Summary table of the characteristics of each Arctic region (AiS= Atlantic influenced seas; PiS= Pacific influenced sea; RiS_B=Beaufort Sea; RiS_S= Siberian
sea; Laptev sea, Kara sea; CA= central Arctic; OFS = Outflow shelf). Data provided are mean, standard deviation (SD), range and number of data points (N) for each region. Sea
surface salinity (SSS), sea surface temperature (SST), sea surface chlorophyll a (Chl a), sea surface oxygen (O2), sea surface total alkalinity (TA), sea surface dissolved inorganic
carbon (DIC), and sea surface pH are taken from GLODAP version 2019 (Olsen et al. 2019). Sea surface fugacity of CO; (fCO) is taken from SOCAT version 2019 (Bakker et al.
2016). River discharge from the major rivers of each region is taken from Dittmar and Kattner, (2003) for AiS and RiS, Déry et al., (2016) for PiS and OFS. The surface area of each
region is taken from Skjoldal and Mundy, (2013).

AiS PisS RiS_B RiS_S CA OFS
Mean Range (N) Mean Range (N) Mean Range (N) Mean Range (N) Mean Range (N) Mean Range (N)
+SD +SD +SD +SD +SD +SD
Area 3.74 3.72 111 2.56 3.33 4.92
(million km3)
SSS 345+09 136-354 294+27 0-336 25951 0-326 245+94 0-343 32422 134-351 331+18 14.8-354
(PSS-78) N 1811 N 1076 N 1007 N 270 N 1316 N 1809
SST (°C) 5.6 3.7 -1.9-137 1.94#35 -1.8-139 1428 -1.7-157 0.4+26 -1.8-106 0.3%2.2 -22-81 1.3+3.0 -23-14
N 1833 N 1069 N 980 N 225 N 1325 N 1836
fCO2 (patm) 323.4 102.0 - 3103 78.4 - 349.9 104.2 - 320.6 183.6 - 256.6 101.0 - 279.3 110.4 -
+46.5 2415.0 +88.2 767.7 +58.1 626.7 +57.2 388.2 +54.4 414.0 +52.5 597.9
N 1406662 N 317793 N 154677 N 9427 N 393701 N 699539
Chla 1313 0.0-109 08z14 0.0-16.0 05+#1 0.0-73 no data 1114 00-111 12#15 0.0-111
(Mg kg?) N 249 N 415 N 216 N 233 N 243
02 323.4 250.5 - 365.3 197.8 - 368.8+28  209.9 - 364.9 193.1- 364.9 293.8 - 357.0 276.5 -
+314 459.1 +40.4 572.3 529.5 +27.5 470 +32.1 484.9 +35.3 484.9
(umol kg*)
N 1192 N 869 N 807 N 209 N 908 N 1264
TA 2273.6 2112.4 - 2056.7 565.4 - 1951.9 595.3 - 1621.9 65.0 - 2202.5 13145 - 2232.2 1953.6 -
+45.7 2352.9 +161.8 2313.9 +198.9 2330.9 +532.8 2276.6 +104.2 23255 +66.4 2320.4
(Hmol kg?)
N 639 N 487 N 506 N 182 N 522 N 633
DIC (umol kg  2078.0 1877.8- 1897.0 606.2- 1878.8 526.0 - 1681.9 141.7 - 2027.6 1257.8 - 2048.2 1385.0 -
H 437 2161.4 +154.1 2236.7 +212.4 2514.8 +433.0 2147.1 +98.0 2174.8 +89.7 2215.1
N 856 N 360 N 445 N 126 N 599 N 748
PH (Total scale) 8.2+0.1 8.1-83 8.2+0.1 7.9-85 8.1+0.1 7.9-83 8.0+0.2 76-83 8.1+0.1 7.8-83 8.2+0.1 8.0-84
N 52 N 170 N 123 N 90 N 79 N 202
Discharge <300 >100 >300 <2000 >1000

(km? yr)




Supplementary table 4. Literature examples of potential stressors in different Arctic regions. AiS= Atlantic influenced seas; PiS= Pacific influenced sea;
RiS= River influenced seas; CAO= central Arctic ocean; OFS = Outflow shelf; DIC= dissolved inorganic carbon; TA= total alkalinity

Figurela Stressor Region Impact Examples
reference
map
reference
1 Acidifying CAO From 1991-2011 DIC increased in the upper Polar Deep-Water Ericson et al., 2014
conditions layer and Arctic Atlantic Water layer by 0.4-0.6 pmol kgtyr!
and 0.6-0.9 umol kg tyr?, respectively.
2 CAO Undersaturation of aragonite in the Beaufort Gyre region of Yamamoto-Kawai et al., 2009
Canada Basin
3 CAO Rapid decrease between 2003- 2007 of aragonite saturation, Zhang,
declined by -0.09 year ** which is 10 times fast than other oceans. Yamamoto-Kawai, and Williams 2020
This was due to melting of sea ice which caused a large area to
be exposed for gas exchange and decrease in buffering capacity
of surface water due to a large influx of freshwater from the
melting of sea ice. After 2007 it did not decline further.
4 CAO Both Makarov and Canada basins have shown a pH decrease of ~ Woosley and Millero 2020
0.05.
5 CAO  Summer pCO: increased at double the atmospheric rate in Ouyang et al. 2020
Canadian basin from 1994- 2017
6 CAO Undersaturation of aragonite Jutterstrom and Anderson 2010
7 CAO, pH decreased by 0.02 - 0.055 units and aragonite saturation state  Ulfsbo et al. 2018
RiS declined by 0.05 — 0.18 units depending on area
8 OTF Sub polar north Atlantic gyre was a CO- source in 2003 because  Corbiere et al. 2007
of late summer bloom and high warming. Low TA found and
pCO:2 increasing from 1993- 2003
9 RiS Waters around the Mackenzie shelf in Beaufort Sea at depth Mol et al. 2018
around 100-150m pH 7.8 in August & September 2014
10 RiS Undersaturation of aragonite of Eastern Siberian shelf Semiletov et al. 2016
11 RiS Eastern shelf of Laptev Sea source of COz, high pCO: level of Pipko, Pugach,

650 patm

and Semiletov 2016



12
13

14

15
16
17
18
19
20
21

22

23

24

25

26

Warming

Invasive
species

RIS
RiS

RiS

AiS
PiS
PiS
PiS
PiS
PiS
AiS

AiS

AiS

Arctic
wide
OFS

OFS
AiS
PiS

Low pH observed in the Mackenzie shelf region
East Siberian Sea undersaturation of aragonite in bottom waters

The Eastern Laptev Sea is already supersaturated with CO2, and
has been found to release CO2 back into the atmosphere during
the ice-free season

Iceland and Nordic Seas decreased pH and aragonite saturation
from 1985 to 2008

Bering Sea low aragonite saturation in bottom waters

Chukchi Sea low aragonite saturation in bottom waters
Stratified conditions mean that bottom waters have been found to
have acidified conditions with high pCO- and low aragonite
saturation

Upwelling increased net CO> outgassing in Southern Bering Sea
1995-2001

Low pH in bottom shelf water of waters of Chukchi sea, pH
range from 7.66- 8.13

Water column warmed by 1.5 °C between 2000-2016

19-year study from 1982-2016 of the diet of Black-legged
Kittiwake showed a shift from Arctic prey dominance to a more
even spread of Arctic and Atlantic species

Boreal fish moving in Barents Sea

Winter temperature across the Arctic have risen between 1989
and 2016

Increased shipping in the Canadian Arctic could introduce new
invasive species to the area, model show that 8 modelled species
have the potential to be successful in the area.

Model out predict Hudson Bay, Labrador, Chukchi, Eastern
Bering, Barents seas to be area with high numbers of invasive
species under future scenarios of climate change

Chierici and Fransson 2009
Anderson et al. 2011;
Semiletov et al. 2016
Pipko et al., 2016

Olafsson et al. 2009
Mathis, Cross, and Bates 2011

Bates, Mathis, and Cooper 2009
Cross et al. 2018

Fransson, Chierici,
and Nojiri 2006
Qietal. 2020

Lind, Ingvaldsen,
and Furevik 2018
Vihtakari et al. 2018
Kortsch et al. 2015
Screen 2017

Goldsmit et al. 2018

Goldsmit et al. 2020



27

28
29

30
31

32

33

34
35

36
37
38
39
40

41

Increased
freshwater
input

Increased
light

AiS
PiS
RIS
AiS
AiS
AiS
RiS

RiS

CAO

PiS
RiS

RiS
OFS
CAQO,
RIS

availability AliS,

Ice loss

PiS
OTF

PiS,
OTF,
CAQO,
RIS

From 1960- 2015 54 non-native species were recorded across the
regions, the highest number around the Iceland shelf

Pacific Arctic diatom Neodenticula seminae established in the
Nordic Seas

Borealization of communities in Barents Sea

Invasive Chionoecetes Opilio Snow Crab in the Barents Sea
Freshwater budget in Arctic are changing, increased runoff and
less storage in multiyear ice. A dilution of TA reduces the
buffering capacity of the ocean and affects the resultant
carbonate chemistry.

From 1936-1999 river discharge from 6 largest rivers (Kolyma,
Lena, Yenisey, Ob’, Pechora, Severenaya Dvina) increased by 7
% at average annual rate of 2.0 km3yr?,

Increased freshening in Canada and Makarov basins from 1994-
2015

Freshening of the PiS from the Yukon River

Increasing trend in discharge of the rivers Ob and Yenisey from
1930- 2016

Freshwater discharge increasing in East Siberian Arctic
Labrador Sea freshening

Light penetrates through first year ice nearly 3 times as much as
multi-year ice

Increased visual search ability by 2.7- 4.2 % per decade due to
sea ice retreat

The Canadian Arctic Archipelagos have seen a decline in multi-
year ice

Between the years 1954-2010 30% of winters had temperatures
higher than -5°C

Chan et al. 2019

Miettinen, Kog, and Husum 2013

Fossheim et al. 2015

Kaiser, Kourantidou, and Fernandez 2018

Carmack, et al., 2016

Peterson et al. 2002

Woosley and Millero 2020

Andreev, Chen, and Sereda 2010
Polukhin 2019

Semiletov et al. 2016
Zhang et al. 2021
Nicolaus et al. 2012

Langbehn and Varpe 2017
Howell, Duguay, and Markus

2009
Graham et al. 2017



42

43

44

45

46
47

CAO

RIS

Arctic
wide
Arctic
wide
AiS
AiS

The largest sea ice loss is found in the Makarov and Canada
basins

Winter sea percentage cover reduced by the stratification of
Eastern Eurasian Basin releasing heat reducing ice formation
Area of open water increased from 1980-2010 in all months of
the year

Sea ice cover declined from 1979-2016

Decline in Barents Sea ice cover from 1970-2016
From 1998-2008 ice cover declined by nearly 50 %, retreating in
the Eastern Barents Sea by 240km

Woosley and Millero 2020
Polyakov et al., 2017
Barber et al. 2015

Dai et al. 2019

Lind, Ingvaldsen, and Furevik 2018
Arthun et al. 2012

References for figure 1, numbers correspond to Supplementary table 4 and for A Supplementary table 1 for B
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