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Abstract
Marine social-ecological conditions in the Arctic are rapidly changing. With many transboundary issues, such as shifting
ranges of fisheries, biodiversity loss, sea ice retreat, economic development and pollution, greater pan-Arctic assessment
and co-management are necessary. We adapted the Ocean Health Index (OHI) to compile pan-Arctic data and evaluate
ocean health for nine regions above the Arctic Circle to assess the extent to which pan-Arctic assessment is possible and
identify broad social-ecological trends. While the quality and availability of data varied, we assessed and scored nine
OHI goals, including the pressures and resilience measures acting upon them. Our results show the Arctic is sustainably
delivering a range of benefits to people, but with room for improvement in all goals, particularly tourism, fisheries, and
protected places. Successful management of biological resources and short-term positive impacts on biodiversity in
response to climate change underlie these high goal scores. The OHI assesses the past and near-term future but does
not account for medium- and long-term future risks associated with climate change, highlighting the need for ongoing
monitoring, dynamic management, and strong action to mitigate its anticipated effects. A general increase in and
standardisation of monitoring is urgently needed in the Arctic. Unified assessments, such as this one, can support
national comparisons, data quality assessments, and discussions on the targeting of limited monitoring capabilities at
the most pressing and urgent transboundary management challenges, which is a priority for achieving successful Arctic
stewardship.
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Introduction

Arctic ecosystems are experiencing profound physical, eco-
logical, and social changes, driven largely by a warming cli-
mate and increasing economic development (Hovelsrud et al.
2011; Wassmann et al. 2011). There is a need to establish a
baseline of the biophysical and socio-economic dimensions of
ocean ecosystems across the Arctic, which can then be used to
assess the consequences of future change (IOC/UNESCO
2010). Such baseline assessments are necessary to support
strategic and evidence-based decisions for conservation and
economic investment through ecosystem-based management
(Elliott 2014). Tools, such as the Ocean Health Index (Halpern
et al. 2012), can help provide a framework for collating and
analysing a wide breadth of baseline data to facilitate manage-
ment (Borja et al. 2016).

Each Arctic state above the Arctic Circle (Russia,
Canada, USA, Norway, Denmark (Greenland)) responds
to and manages its Arctic areas through its own national
governance sys tem. However, many issues are
transboundary in nature, requiring co-management and
collaboration (Van Pelt et al. 2017). For example, Arctic
ecosystems support globally significant fisheries, with
many species already undergoing range shifts and changes
in abundance, growth, and phenology (Wassmann et al.
2011; Pinsky et al. 2018). Also, shipping through the
Northern Sea Route is increasing annually (Northern Sea
Route Information Office 2013), with future projections
signalling exponential increases (Smith and Stephenson
2013). Yet, while there is some international cooperation
through bodies such as the Arctic Council, there have
been few legally binding commitments across nations to
collectively and systematically manage the challenges fac-
ing the Arctic marine areas. Such examples are limited to
international agreements on oil spill preparedness, search
and rescue at sea, and the Oslo Declaration preventing
fishing in the currently ice-covered central Arctic Ocean
(Baker and Yeager 2015; Molenaar 2015). A review by
Protection of the Arctic Marine Environment (2013), an
Arctic Council working group, found that there was a
need for further coordination across institutions (e.g. mon-
itoring conducted on a polar-wide basis using consistent
methods, with central data storage) and further coopera-
tion and knowledge-sharing between Arctic countries and
institutions. The current disconnect in monitoring and pol-
icy at the pan-Arctic scale Blimits the ability to efficiently
make effective management decisions^ (CAFF 2014).
Ultimately, it recognised that there is a need to amend
existing instruments or develop new ones to strengthen
governance for the conservation and sustainable use of
the Arctic marine environment.

The Ocean Health Index (OHI) is a tailorable marine as-
sessment framework to comprehensively and quantitatively

evaluate ocean health (Halpern et al. 2012; ohi-science.org).
It is increasingly being used to help guide thinking around
marinemanagement, particularly in data-limited areas, by pro-
viding a structure to analyse data availability (Lowndes et al.
2015). We performed an OHI assessment for the Arctic to
bring together disparate data and establish an initial baseline
of social-ecological conditions, with a focus on highlighting
areas of potential concern (both geographically and by goal),
exposing data uncertainties, and highlighting potential inter-
actions between marine management goals and short- and
long-term outcomes. We discuss our results in the context of
future management and decision-making in the pan-Arctic
region. Like the OHI (Lowndes et al. 2017), the Arctic OHI
(AOHI) is a flexible framework with accompanying open
software and can be iteratively improved over time as better
data becomes available or stakeholder values are more com-
prehensively included.

Methods

Pan-Arctic region

Many different definitions of the Arctic exist, with boundaries
defined by physical delineations (e.g. climate), latitude, extent
of continuous permafrost or sea ice, treeline, or geopolitical
borders (Maher 2007). Indeed, spatial delineations of the
Arctic even differ between Arctic Council Working Groups
(Koivurova 2010). We used exclusive economic zone (EEZ)
boundaries that fall above the Arctic Circle as the primary
filter for developing an Arctic OHI (AOHI) that can feed into
national and international monitoring and policy efforts across
the Arctic, with the exception of Southern Greenland which
was included because data reported for Greenland often in-
cluded this area (Fig. 1; Table S1). We excluded the high seas
regions because we chose to focus on comparing national
Arctic EEZs for management potential. We call our case study
region the pan-Arctic area.

We further subdivided the Norwegian, Greenland, and
Canadian EEZs based on defined management areas and
scales of data reporting. We could not subdivide Russia’s
Arctic region, despite it being the largest of all countries,
due to Russia’s marine governance structure, which is man-
aged centrally and thus limited data was available at sub-
national scale for many goals.

Index calculations

The OHI framework and methods are detailed extensively in
the literature and public domains (Halpern et al. 2012, 2015a,
b, 2017; ohi-science.org); here, we present a brief overview
and focus on changes and new approaches instituted for the
AOHI. The OHI is based on assessing the status of an area
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against a set of goals, which represent key values and benefits
people hold and want from a healthy ocean (Table 1). A
healthy ocean is defined as one that sustainably delivers a
range of benefits to people now and in the future (Halpern et
al. 2012). A key design element of the OHI is that it can be
adapted to fit different scales and incorporate different values
and benefits into its goals, depending on the location and aim of
the assessment (Lowndes et al. 2015); for example, OHI asses-
sors determine the number of goals to be evaluated depending on
the region of interest and the aspects of ocean health relevant to
that region. Numerous OHI assessments have been completed all
over the world (Halpern et al. 2013; Elfes et al. 2014; Selig et al.
2015; Longo et al. 2017; Daigle et al. 2017), with many more in
progress. Relative to the global assessment, localised assessments
are able to take advantage of higher-resolution data, more locally
relevant reference points, and goals adapted to local values
(Daigle et al. 2017).Where localised data are unavailable, region-
al assessments can use existing country-level data from the global
OHI.

The OHI is calculated by combining individual indicators
via a structured framework designed to measure progress to-
wards optimal sustainable delivery of each of the goals (four
of which are further subdivided into sub-goals). For the
AOHI, we assess 9 of 10 goals in the global OHI, with carbon
storage not assessed due to lack of data for calculating a mean-
ingful indicator (Table 1). Each goal and sub-goal are mea-
sured on a scale of 0–100, with 100 being the highest possible

score. Each goal score, Gi, is calculated as the average of the
current status, xi, and the likely future status, x̂i;F:

Gi ¼ xi þ x̂̂i;F
2

ð1Þ

Current status measures the most recent year’s performance
relative to a reference point of the highest sustainable perfor-
mance for that goal. Likely, future status captures the near-term
(5 years from current status) future performance for the goal
based on recent trend in status, (Ti, calculated as the slope in
the change of the status score of the previous 5 years), pressures
that can threaten the delivery of each goal pi), and resilience
factors (ri) which can mitigate these pressures.

x̂̂i;F ¼ 1þ βT i þ 1−βð Þ ri−pið Þ½ �xi ð2Þ

Following Halpern et al. (2012), β represents a weighting
factor of 0.67, giving trend twice the importance compared to
pressure and resilience terms, reflecting the better indication of
near-term trajectory that trend provides. Resilience not onlymea-
sures policies or international conventions to which regions are
or are not party but also includes ecological and socio-economic
resilience. For climate change-related pressures, resilience layers
were set as zero for the AOHI, as no resilience measures ade-
quately offset the pressures of climate change in the Arctic
(Bennett et al. 2015). See Tables S2 and S3 for pressure and
resilience matrices.

Fig. 1 Pan-Arctic region
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We calculated the overall regional AOHI scores as an equally
weighted average of goal scores because, given the heterogeneity
of people and environments across the Arctic, determining
weightings would be a substantial undertaking and outside the
scope of this study. Furthermore, we focus on results comparing
goals and regions to avoid focus on higher aggregation and
weightings. Weightings could be altered in the future based on
stakeholder consultations (Halpern et al. 2014; Daigle et al.
2017). Finally, the overall AOHI score was derived using an
area-weightedmean of scores for each regionwithin the assessed
area. Below, we describe the data and methods used to calculate
AOHI scores. All original data, scripts used for processing, final
data layers, and goal models are open access and freely available
online at https://github.com/OHI-Science/arc. The AOHI was
calculated using the R package Bohicore^ (Ocean Health Index
2016).

Arctic Ocean Health Index goal calculations

Given the scale and heterogeneity of the region and to facilitate
comparisons across these scales, most goal models and reference
points were not changed from methods used in global assess-
ments (Halpern et al. 2017), except for two new goals, marine
mammal harvest and artisanal needs, which were adapted natural
products and artisanal opportunities goals to better suit the Arctic
region (Table 1). An overview and key details on all goals are
provided below (with expanded detail in Supplementary mate-
rials where necessary); greater detail is provided for the two goals
that were adapted for this assessment. Data sources are listed in
Table 1, and a full list of data layers can be found in Table S4.

The AOHI focuses on the Arctic region, including partial
coastlines of several nations. This scale results in added complex-
ity because many data sources are reported at national-level res-
olution, and so cannot be directly used. For example, data for the
entire USA are not representative of the North Arctic Alaskan
coast, as they represent all US regions. Furthermore, the large
study area and heterogeneity of the region made obtaining data
challenging; when local data were not available or not compara-
ble across all Arctic regions, we often used global spatial data
refined to the Arctic region (detailed below). In tailoring the
assessment to the Arctic, we were able to replace or adapt 74%
of the data layers (n = 81) to be specific to the Arctic. The un-
changed 26% mainly consisted of resilience scores for national-
level factors, such as whether each country was a signatory to the
Convention on International Trade of Endangered Species
(CITES).

Due to difficulties and gaps in monitoring the Arctic, pan-
Arctic datasets are likely to contain many uncertainties or errors
which could affect the results of the AOHI. It is beyond the scope
of this work to fully assess and account for these possible sources
of uncertainty (Burgass et al. 2017). As an example to help
illustrate and understand how uncertainty might affect results,T
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we recalculated the fisheries sub-goal of food provision using a
different source dataset for fisheries catch.

Food provision

This goal intends to capture whether seafood provisioning poten-
tial is sustainably maximised in each region, through both wild
harvest (fisheries sub-goal) and cultivation (mariculture sub-
goal). The two sub-goals are combined to give an overall score
for food provision, weighted by their tonnage contributions.

Fisheries The fisheries sub-goal is based on the amount of wild-
caught seafood that is sustainably caught within the study area.
We used data for this goal taken from the Sea Around Us Project
(www.seaaroundus.org), which reconstructs catch data and
spatially distributes catch across the world at half-degree resolu-
tion (Watson et al. 2004; Pauly and Zeller 2016). In line with
(Halpern et al. 2015b), we used catch data to calculate B/BMSY

1

as a measure of stock status when stock assessments were not
available and penalised scores when taxa were not reported at
species level to highlight a potential lack of adequate species-
level management. Finally, we calculated overall status as the
mean of the stock status scores, weighted by the average overall
catch in that area, across the time series (see Supplementary
materials). We also used an alternative fisheries dataset, from
Watson (2017) to test the sensitivity of results to the data used.
These data are spatially disaggregated catch data at 0.5° cells,
similarly presented to the Seas Around Us dataset. As such, we
processed the data in a similar manner and ran this through the
AOHI to see how scores might change.

Mariculture The mariculture sub-goal assesses the sustain-
ability and production of ocean-farmed seafood.
Mariculture currently only occurs in Norway and north-
west Russia, which were the only two regions to include
this sub-goal. We estimated sustainability of production
based on Trujillo (2008), as has been done in other OHI
studies (see Supplementary materials). The goal model
calculates status as the mariculture yield multiplied by
sustainability coefficient and normalised by coastal popu-
lation, which is necessary for undertaking aquaculture.
Arctic aquaculture is limited and a global reference point
would not be appropriate, so a regional reference was set
as the 95th percentile of the top performing region,
Norway. While this currently only includes two regions,
the expansion of aquaculture in to new regions in the
future means the same reference can be used for repeat
assessments.

Clean waters

The objective for the clean waters goal is tomaintain the ocean
free of contamination, pathogens, and anthropogenic nutrient
enrichment, for both recreation and environmental health.
This goal used four types of pollution data: trash (marine
plastics), chemical (runoff, shipping and ports), pathogen
(sewage waste), and nutrients (land-based inputs). We refined
each of these global data layers (Halpern et al. 2015a, b) at the
1-km2 raster level to only include areas within the AOHI and
scaled each raw pollution data layer from 0 to 1, with 1 indi-
cating the highest level of global pollution (Halpern et al.
2015a).We calculated goal status for each region by determin-
ing mean rescaled score for each pollution type, subtracting
the mean rescaled pollution scores from 1, and combining the
four scores using a geometric mean.

Coastal livelihoods and economies

This goal tracks the number and quality of jobs and the
amount of revenue produced from marine-related industries
and sectors through two sub-goals, livelihoods and econo-
mies. A score of 100 reflects productive coastal economies
that avoid the loss of ocean-dependent livelihoods while
maximising livelihood quality.

Livelihoods This sub-goal describes livelihood quantity and
quality for people living on the coast. The livelihoods sub-
goal includes two equally weighted sub-components, the
number of jobs, which is a proxy for livelihood quantity, and
the per capita average annual wages, which is a proxy for job
quality. We obtained job and wage data for marine sectors
from within each region at as fine a scale as possible
(Tables S7 and S8) and then aggregated it by region (e.g.
Arctic Alaska data aggregated from Northwest Arctic
Borough and North Slope Borough statistics). Wages were
then adjusted using purchasing power parity (PPP), which
enables direct comparison between nations and across years.
As per Halpern et al. (2017), the reference point for jobs is a
temporal comparison using a 5-year moving reference value,
in which a score of 100 indicates that the number of marine
jobs in a given area has not declined relative to 5 years previ-
ously. Similarly, for wages, a score of 100 means the adjusted
wage has not declined relative to the highest average annual
wage observed across all reporting units 5 years previously.

Economies The economies sub-goal captures the economic
value associated with marine industries based on reported rev-
enue from marine sectors. We obtained revenue data for ma-
rine sectors across the Arctic (see Table S9). Values were
adjusted by PPP, and as for livelihoods, the reference value
was a moving target temporal comparison. A score of 100

1 For a particular fish stock, the ratio of observed biomass (B) to the biomass
that would provide maximum sustainable yield (BMSY). When B/BMSY = 1,
then biomass equals BMSY. If B/BMSY falls below 1, biomass is too low to
provide maximum sustainable yield.
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indicates that revenue has not decreased compared to its value
5 years previous.

Sense of place

The sense of place goal aims to capture the desire to preserve
areas and species that contribute to peoples’ connection to the
oceans. This connection might arise from socio-cultural
values which local communities have for traditions tied to
the existence of these places or species, or from the existence
of species or locations that are iconic to a wider public, though
they may never be experienced directly.

Iconic species Iconic marine species fell into three categories:
(1) those that are considered globally iconic were taken from
the WWF Global Priority and Flagship species list and are
selected for all regions in which they occur, (2) those that were
considered regionally iconic were taken from CAFF (2010)
who identified species that were of wide relevance to indige-
nous or local people across the Arctic, and (3) those that are
locally iconic for cultural or social reasons, which may differ
between regions. Locally iconic species were selected based
on a review of grey literature to help synthesise and identify
which species were culturally important for each region.
Determining what is iconic is ultimately subjective, but
methods such as those used by Daigle et al. (2017), who
defined iconic species as those that appear on Canadian coins
in their Canadian OHI assessment, or Roll et al. (2016) who
investigated cultural importance of reptiles through internet
interest, show that more systematic methods are possible.
Iconic species selected for each region can be found in Table
S9. The average conservation status of these iconic species
(from the International Union for Conservation of Nature
(IUCN) Red List) was converted to a numerical score (see
Table S13), with the reference point equal to having all these
species listed as least concern. Given the plethora of species
that could potentially be considered iconic across the Arctic, a
more systematic and locally driven selection process would be
beneficial in the future.

Protected places We altered the name of this goal slightly to
focus on Bprotected places,^ rather than Blasting special
places^ found in other OHI assessments, although it is
assessed in the same way. This name change was due to the
lack of information related to what areas might be considered
special in the Arctic, and the fact that many of these areas
might be unsuitable for protection given their cultural impor-
tance as fishing and hunting grounds. We scored this goal by
compar ing the amount of protec ted area wi thin
3 nautical miles offshore and 1 km inland, as defined by the
World Database on Protected Areas (WDPA), compared to a
reference point of 30% of the total area protected.

Coastal protection

This goal assesses the amount of protection provided by ma-
rine and coastal habitats against erosion to coastal areas. In the
global assessment, saltmarsh, coral, mangrove, and sea ice
habitats are all assessed, while in the Arctic the main habitat
offering coastal protection benefits is sea ice. In the AOHI, we
assessed the current amount of shoreline sea ice (averaged
over the previous 3 years to help reduce the impact of natural
variation) compared to the reference condition (average sea
ice extent between 1979 and 2000).

Marine mammal harvest

This goal is analogous to the natural products goal that is
assessed globally, in that it aims to measure the sustainable
harvest of non-food marine resources—in this case the har-
vesting of marine mammals for furs, ivory, and other re-
sources, which is an important activity commercially and cul-
turally across the Arctic (Hovelsrud et al. 2008).While marine
mammals are also eaten, this is not a sole reason for their
exploitation and thus, we do not count marine mammal har-
vests under the food provision goal. Accurate and repeated
measures of sub-population sizes are not available for many
Arctic marine mammals, which are actively hunted, making
construction of a meaningful indicator challenging (Laidre et
al. 2015). We therefore only considered species for which
either a quota (assumed to be sustainable) or potential biolog-
ical removal (PBR) rate was available (Table S12); these
tended to be pinniped species which haul out of the water,
making population estimates easier. Several whale species
are hunted by Arctic communities under aboriginal quotas
issued by the International Whaling Commission (IWC).
These are issued over a 5-year period, rather than annually,
and the current quotas are operational until 2018, at which
point they can be properly assessed for under- and overhar-
vest. We do not include these whale species in this iteration of
the AOHI, but assessing a wider array of species than just
pinnipeds would provide a more comprehensive understand-
ing of the status of marine mammal harvest across the Arctic.
We calculated the goal status as the ratio of current harvest
compared to the current reference point (quota or PBR), sim-
ilar to the natural products goal for the Southern Ocean OHI
assessment (Longo et al. 2017).

A Catch per Catch Limit score (C/CL) was initially calcu-
lated to determine landings relative to the quota or PBR (catch
limit) for each region and year:

C=CL ¼ catch
catchlimit

ð3Þ

These values were then converted to a stock status score
(S′), which ranges from 0 to 1 (Fig. 2) and penalised for over-
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and under-harvesting (although over-harvesting is more
harshly penalised). The lowest value that can be obtain-
ed when the catch is lower than the catch limit (i.e.
under-harvest) is 0.25 as under-harvesting can be bene-
ficial to rebuild populations. A buffer range of 0.9 to
1.1 was established around a C/CL score of 1.0 to ac-
count for uncertainty and fully reward regions aiming to
meet quotas. If a region contains more than a single
species of hunted marine mammal, then scores were
averaged across species.

Biodiversity

The Biodiversity goal captures the preservation of bio-
diversity for its aesthetic, existence, and supporting ser-
vice values into the future. Biodiversity is measured
through two proxy sub-goals, habitats, and species.
Monitoring biodiversity on a pan-Arctic scale until re-
cently has been disjointed and non-standardised, mean-
ing we relied heavily on global data. With the launch of
the Circumpolar Biodiversity Monitoring Plan, this is a
goal which hopefully can be improved in the future
(M.J. Gill, et al. 2011).

Habitats Soft-bottom habitat and sea ice were the only habitats
for which data exist across the entire assessment region, sig-
nalling a requirement for greater monitoring of Arctic marine
habitats. Habitat condition for soft bottom subtidal habitat was
estimated using a proxy based on the intensity of trawl fishing
relative to soft bottom subtidal habitat area (see
Supplementary materials for details). Sea ice condition was
estimated by comparing the average extent of all current sea
ice edge (averaged over the previous 3 years), compared to the
reference point of the 1979–2000 average extent.

Species Species status data come from the IUCN Red List,
which assesses entire taxonomic groups in categories of
threatened status. Thus, the reference point for this goal is to
have all assessed species in the region with an extinction risk
status of least concern, scaled so that a score of zero is reached
when 75% of species are extinct (following Halpern et al.
2012). Species distributions were determined using IUCN
(IUCN 2017) and Aquamaps (Kaschner et al. 2015) species
range maps. Species scores (Table S13) were averaged for
each 0.5° cell, and then cell scores were averaged for each
region (adjusting for the area of the raster cell and number of
species present within the cell).

Artisanal needs

This goal was altered from the original BArtisanal Fishing
Opportunities^ following the approach taken by Daigle et al.
(2017), who changed the goal to a more Canadian-centric ap-
proach. As such, this goal assesses what is required from the
ocean to allow people to hunt and fish artisanally.We recognised
three broad themes to assess this:

1) Shoreline sea ice extent—fluctuating and/or diminishing
shoreline sea ice can physically restrict access for artisanal
hunters and fishers and can shift species distributions, mak-
ing them harder to track (Laidler et al. 2009; Huntington et
al. 2016).

2) Extinction risk of artisanally targeted marine mammals—
marine mammals are widely hunted across the Arctic for
their furs, ivory, and as a food source (Hovelsrud et al.
2008).

3) Sustainability of artisanally targeted fish stocks—to en-
sure that artisanal fishers have healthy fish stocks to har-
vest into the future (Zeller et al. 2011).

Shoreline sea ice scores (h) were calculated in the same
way as the coastal protection goal, comparing the current con-
dition of the previous 3 years (Cc) with a reference point of
average extent 1979–2000 (Cr) so that:

h ¼ Cc

Cr
: ð4Þ

0.0 0.5 1.0 1.5 2.0 2.5 3.0

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

C/CL

S
to

ck
 s

ta
tu

s 
sc

or
e

Fig. 2 How stock status score was generated from the Catch per Catch
Limit score (Eq. (3)) for marine mammal harvest
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The less shoreline sea ice, the lower the score.
Extinction risk of targeted marine mammals (xmm) was calcu-

lated in the same way as the iconic species sub-goal, but only
included marine mammals that are artisanally targeted in each
region (Table S12). The reference point was to have all targeted
marine mammals at Bleast concern^ status:

xmm ¼
∑
LC

i¼EX
Si � wi

∑
LC

i¼EX
Si

ð5Þ

where for each IUCN threat category i, Si is the number of
assessed species and wi is the status value (Table S13).
Sustainability of artisanally targeted fish stocks (xart) was
calculated as per the food provision goal but included
only those species listed as artisanally targeted in the
Sea Around Us Project data and with no under-
harvesting penalty applied:

xart ¼ ∏
n

i¼1
SS

Ci
∑Ci

� �

i ð6Þ

where i is an individual taxon and n is the total number of taxa in
the reported artisanal catch for each region throughout the time-
series, and C is the average catch, since the first non-null record,
for each taxon within each region. Stock status scores (SS) are
derived fromB/BMSYvalues—where forB/BMSY < 0.95 (1.0–5%
buffer), status declines with direct proportionality to the rate of
decline of B with respect to BMSY. No under-harvesting penalty
was applied so any B/BMSY score > 0.95, received a SS of 1.

The status for this goal is an average of scores for each of
the sub-components:

AO ¼ hþ xmm þ xart
3

: ð7Þ

Norway’s score included only artisanal fish stocks, as arti-
sanal marine mammal hunting is not practiced and sea ice is
not plentiful or used for fishing.

Tourism and recreation

A healthy ocean should provide tourism and recreation opportu-
nities for people to enjoy. This goal uses employment in tourism
as a proxy for the number of people engaged in tourism and
recreation across the Arctic. As such, it should respond dynam-
ically to the number of people actively seeking tourist opportu-
nities in each region, because if tourism increases or decreases
then the number of jobs needed to service this sector should
respond similarly. The number of tourism jobs are converted to
percentage of employment in tourism to adjust for population
size differences and multiplied by a sustainability coefficient

drawn from the Travel and Tourism Competitiveness Report,
which assesses countries for their overall quality, future potential,
and long-term sustainability of tourism (Crotti andMashri 2015).
For a region-wide comparison, the reference point is set as the
90th percentile of the best performing region across all years, to
account for outliers.

Results

Overall, the Arctic within EEZs scored 78 out of 100 (Fig. 3).
Scores varied substantially across assessed regions, from 65 in
Jan Mayen to 87 in Svalbard (Fig. 3; Fig. S1). Averaged across
the Arctic, three goals scored 90 or above: biodiversity (95),
livelihoods and economies (93), and clean waters (90). Marine
mammal harvest scored 88 and artisanal needs 81. Coastal pro-
tection scored 79 and sense of place scored 77, but there was
disparity between the sub-goals, with iconic species scoring 85
and protected places scoring 68. Food provision scored 67 over-
all, while its sub-goals of mariculture and fisheries scored 36 and
68, respectively. Tourism and recreation was the lowest scoring
goal (33).

Overall, species-related goals (species sub-goal of biodiversi-
ty and iconic species sub-goal of sense of place) scored highest
across all regions but still show substantial room for improve-
ment, with 82% of the 401marine species assessed by the IUCN
in the study region considered to be least concern, 5% near
threatened, and 13% threatened (vulnerable, endangered, or crit-
ically endangered). Habitat-related goals (coastal protection goal
and habitat sub-goal of biodiversity) presentedmixed results. For
soft-bottomed habitat, large areas remain free from disturbance
of commercial fishing. For example, Arctic Alaska’s northern
coast is designated a Fishery Control Zone, with no commercial
fishing activity allowed. As such, habitat scores were higher in
regions, which weremore remote and under less fishing pressure
(Russian Arctic, Greenland, Canada, Arctic Alaska). The
Barents and Norwegian Seas are subject to trawling for key
target species (Buhl-Mortensen et al. 2016), meaning Arctic
Norway and Jan Mayen received lower scores for soft-bottom
habitat (81 and 63, respectively). Sea ice-related goals (sea ice
edge extent within the habitat sub-goal, shoreline sea ice extent
for coastal protection) are also high with the exception of Arctic
Norway and Svalbard, which are lower because the Barents Sea
has experienced some of the most significant warming and var-
iable sea ice conditions on the planet (Sato et al. 2014; Eriksen et
al. 2017; Onarheim and Årthun 2017).

The cleanwaters goal scoredwell for all regions; this reflects
the low population density of the Arctic in general and few
sources of pollution. Norway scored the lowest (87), which
was largely driven by a much higher chemical pollution score
than other regions and reflects both the higher population den-
sity along the coastline and prominent shipping routes.
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The protected places sub-goal of sense of place varied
widely across regions, with both very high and very low
scores. Although there has been an expansion of Arctic
protected areas over the last 50 years, across the CAFF
area, only 4.2% of marine areas are protected, with terres-
trial areas garnering a much higher 20.2% protection,
showing that there is room for improvement in this area
(CAFF and PAME 2017).

Marine mammal harvest scored high across all regions,
except Arctic Norway and Jan Mayen, which scored lower
primarily due to a significant under-harvest of seals compared
to their quotas. Significantly, the Canadian commercial seal
hunt occurs largely outside of the AOHI study area and so was
not included. Marine mammals were also considered in the
artisanal needs goal, which also included sustainability of ar-
tisanal fish stocks and extent of shoreline sea ice. Scores for
this goal were generally high, in part because the fisheries
component of the goal did not penalise underfishing andmany
artisanal stocks appear healthy.

Fisheries scores were between 50 and 75, with the excep-
tion of West Greenland (87), Arctic Norway (87), and Jan
Mayen (11). High scores for Arctic Norway and West
Greenland align with landings primarily being from Marine
Stewardship Council (MSC) certified fisheries. The Jan
Mayen score potentially reveals issues with the spatial distri-
bution of the catch data from SAUP. For this region, 96% of
landings are classified as Bmarine fish unidentified^—which
is heavily penalised for poor taxonomic reporting in the OHI.
Unidentified landings for Arctic Norway and Svalbard (part of
the same management area) are much lower at 4 and 13%,
respectively, meaning the methods for distributing catch data
for this region may be causing unfair penalty.

Running the Watson (2017) dataset through the AOHI re-
duced the overall Index Fisheries score by 13 (68 to 55); how-
ever, overall AOHI scores declined by just one point from 78 to
77 when using this alternative fisheries dataset.

From a regional perspective, Watson’s data resulted in a dra-
matic improvement of JanMayen’s Fisheries score, from 11with
the SAUP data to 59 withWatson’s (Fig. 4). East Greenland also
saw an improvement using Watson’s data (54 to 62). However,
all other regions saw a decrease in scores. Arctic Alaska,
Nunavut, Canadian Beaufort, and Svalbard all had scores re-
duced by less than 10, yet Arctic Russia (20), Arctic Norway
(28), and West Greenland (34) all had large decreases. All re-
gions except West Greenland (83 down to 79) and Jan Mayen
(65 up to 75) showed a decrease in overall OHI scores of 2 or
less.

Discussion

The Arctic is a globally unique and important geography for
biophysical, cultural, and economic reasons; yet, its

management is disjointed and resources for monitoring are
limited. We have made the first attempt to piece together dis-
parate datasets across the pan-Arctic area to quantitatively
assess ocean health from a human-centric perspective.
Despite challenges, we have shown that such studies are pos-
sible and provide an initial baseline of current pan-Arctic so-
cial-ecological conditions using freely available data and shar-
ing the AOHI framework and open code for future iteration
and improvement (Lowndes et al. 2017). Given the Arctic is
rapidly changing, baselines need to be established and systems
continually evaluated in order to informmanagement (Hussey
et al. 2016). We discuss the context of our results below and
highlight spatial patterns of interest.

Spatial patterns and management considerations

Relatively high scores for species-related goals are likely due
to rebuilding of once heavily exploited whale and pinniped
populations, absence of large commercial fishing fleets in
many parts of the Arctic, and increased productivity from
climate change being beneficial to many fish species, at least
in the short term (Mcrae et al. 2012). Our assessment falls
largely in line with the Arctic Species Trend Index (ASTI),
which found an increase in Arctic marine vertebrates from
1970 to 2005 (Eamer et al. 2012). While the AOHI reflects
the fact that in the short-term climate change may be having a
potentially beneficial effect for many species, it does not ac-
count for long term risks to marine biodiversity. Arctic species
often have particularly narrow temperature ranges and are
highly susceptible to invasions. Projections indicate that the
Arctic could be at high risk of invasive species and localised
extinctions, highlighting the need for ongoing monitoring and
dynamic and predictive management (Cheung et al. 2009;
Eamer et al. 2013; Garciá Molinos et al. 2016).

Arctic sea ice is critical for climate regulation, coastal pro-
tection, and as habitat to a range of species that live in or
around the ice or use it for life history events, such as repro-
duction, moulting, or resting (Laidre et al. 2015). It is therefore
also important to people who depend on sea ice-associated
species as resources and for cultural reasons. Sea ice dynamics
in the Arctic are being altered by warming at twice the global
mean rate, and some projections suggest an ice-free summer
by 2040 (AMAP 2017). Therefore, measuring these changes
is an important component of the AOHI (Overland and Wang
2013). High sea-ice related scores (habitat and coastal protec-
tion) are in keeping with the global OHI assessment, which
found reduced sea ice scores in sub-Arctic countries
(Lithuania, Sweden, Finland, Norway (which includes
Svalbard), Estonia, Latvia), but not yet at higher latitudes
(Halpern et al. 2017). While the data we used considers tem-
poral and spatial extent, it does not consider depth of sea ice,
which may be important to sea ice-associated biodiversity
(Kovacs et al. 2011). Further work could also include
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representing the shifting seasonality of sea ice (Haine and
Martin 2017).

The livelihoods and economies goals do not currently con-
sider informal economies or subsistence livelihoods, which
are prevalent in many regions across the Arctic (Larsen et al.
2015). We were unable to find data to support the develop-
ment of an indicator reflecting these less formal elements of
the economy at the pan-Arctic scale, particularly as the infor-
mal economy varies widely between regions (Schmidt et al.
2015). Furthermore, many indigenous communities view eco-
nomic development differently; while many wish to maintain
traditional lifestyles, many communities are keen to mitigate
high levels of poverty, ill health, and food security issues
through full-time employment and the benefits that economic
development can bring (Stewart et al. 2011; McCauley et al.
2016). These issues are inherently local, making it challenging
to find a meaningful reference point at the pan-Arctic scale.
Gaining a better contextualised understanding of how people
conceptualise the elements of wellbeing within each region
might yield information allowing relative change in wellbeing
to be compared (Woodhouse et al. 2015).

Arctic tourism above the Arctic Circle is largely dominated
by cruise ship tourism, which has grownmarkedly since 2008,
particularly for Svalbard where tourism employment is high
relative to the permanent population (Viken 2011). However,
numbers remain far below more accessible sub-Arctic areas

(Maher 2017), indicating that demand may be present and
there is much room for growth, as indicated by the AOHI
scores. The future of tourism in the Arctic is unclear but has
the potential for significant social, economic, and ecological
impacts, both positive and negative (Stewart et al. 2015).
There are already concerns of exceeding carrying capacity in
countries such as Iceland, which has seen a six-fold increase in
tourism since 2008 (Maher 2017). Balancing the economic
benefits of tourism while maintaining the environmental and
cultural sense of place that makes tourism attractive is a diffi-
cult undertaking. Setting out a shared vision for Arctic tourism
and developing infrastructure in areas that will have positive
social impacts and minimise negative environmental impacts
should be a priority for Arctic nations.

The marine mammal harvest goal indicates that marine
mammals with population data are being harvested sustain-
ably across the Arctic, showing that sustainable management
of these species is possible if supported by scientific research.
For example, although controversial, the management of the
Canadian harp seal hunt can be considered a conservation
success, with the number of individuals rising from a low of
1.1 million in the early 1970s to over seven million today. This
supports the importance of robust monitoring and evidence-
based quotas (Hammill et al. 2015). However, the analysis of
marine mammal harvest was restricted by the need for infor-
mation relating to both landings of marine mammals and
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viable population estimates leading to quotas or PBR esti-
mates, which unfortunately excluded most marine mammals
in each region. Abundance and trend data for Arctic marine
mammals is poor or largely absent, which makes quantifying
the sustainability of harvests difficult. Obtaining population
estimates for new metrics from sources, such as indigenous
knowledge or the Circumpolar Biodiversity Monitoring Plan
(Gill et al. 2011), should be a priority in aidingmanagement of
marine mammals, particularly in the face of climate change
(Laidre et al., 2015; Gill et al. 2011). Ideally, establishing
metrics and quotas would be a systematic process that would
enhance co-management of marine mammal species locally
and at a pan-Arctic scale.

The food provision scores reward areaswith the highest levels
of sustainable catch, showing the benefits of well managed and
productive fisheries. Arctic fisheries are an increasingly contro-
versial topic; seemingly offering large potential for food provi-
sion and economic benefits, but with high ecological risk (Lam et
al. 2016). The USA has recognised this risk by closing a large
proportion of its Arctic EEZ to industrial fishing, and all the
Arctic countries have signed an agreement to prohibit fishing in
theCentral ArcticOcean. Fisheries in theBarents andNorwegian
Seas have been recovering from previous exploitation, improved
management, and beneficial effects of climate change, which
have led to a threefold increase in spawning stock biomass in
the last 15 years (Dalpadado et al. 2014; Grønnevet 2016). Using
a different dataset revealed changes in scores, showing that data
selection can be a critical component driving scores. While our
study often did not have the luxury of multiple datasets, explor-
ing two Fisheries goal datasets revealed potential issues in each,
showing that this type of sensitivity analysis would be useful in
similar studies. The increased score for JanMayenwithWatson’s
data shows that key differences exist in the spatial disaggregation
of the catch data in this area; the higher SAUP scores for Norway
andWest Greenland, where commercial fisheries operate mainly
underMSCcertification, alignwithwhatwewould expect to see.

Implications for future pan-Arctic management

Our AOHI assessment provides a starting point for consider-
ation of pan-Arctic social-ecological dynamics, which like
other composite indicators can be iteratively improved over
time as more and better data become available and dynamics
are better understood (Burgass et al. 2017). Understanding
current limitations and how social-ecological systems are
changing is necessary for effective management (Harris et
al. 2017). Many of the goals within the AOHI are
transboundary in nature and require co-management (biodi-
versity, marine mammal harvest, coastal protection, tourism
and recreation, clean waters, and fisheries). Consideration of
these interlinkages is critical for management; the heterogene-
ity of the Arctic means that system dynamics are important not
only between different goals but also across regions and

localities. For example, co-management of many marine
mammal species, such as walrus and polar bears across na-
tional borders and between indigenous groups, has been suc-
cessful in ensuring sustainability and maintaining human
wellbeing (Laidre et al. 2015).

The AOHI provides a snapshot in time of the current status
of the Arctic, as well as an indication of the near-term future
state. The biggest driver of change in the Arctic is climate
change. Although it is included in our assessment and its effects
are already being felt, these will be most noticeable over the
medium and long terms (Bennett et al. 2015). Subsequent
AOHI assessments will be required to track the impacts of
climate change across the region. As the Arctic Bopens up,^
the opportunities for economic development will become even
more numerous for oil and gas extraction, tourism, shipping,
and infrastructure. Understanding the risks that climate change
poses to the health of the ocean and the wellbeing of the people
who depend on ocean resources will require multi-faceted
modelling, with a strong emphasis on social science (Ford et
al. 2015). Given the sensitivities of people and environments in
the Arctic, pan-Arctic assessments, such as ours, can help in-
form decision-making on strategies for investment to minimise
social-ecological risk and maximise benefits across the region.
Pan-Arctic plans for environmental protection and sustainable
development would limit ad hoc developments, which could
otherwise pose severe risks to unique ecological communities
or areas of biodiversity. Similarly, given the heterogeneity of the
region and in order to protect and restore the full range of
biodiversity across the Arctic, coordinating efforts across large
scales is required to ensure an ecologically coherent network of
protected areas (Harris et al. 2017).

A key area of uncertainty for marine management in the
Arctic is the potential for tipping points or thresholds, which
can be classified as periods of rapid, non-linear (Serrao-
Neumann et al. 2016). Given the range and scale of pressures
on the Arctic, particularly climate change, these tipping points
may well be crossed even in the short-term, which would
compromise the predictions of the AOHI. Late action to halt
or reverse a tipping point is highly ineffective compared with
early identification and preservation of system resilience
(Selkoe et al. 2015). Through our assessment, we provide data
for a range of different physical, biological, and social data
layers that can be accessed from raw data through to aggre-
gated final scores of the AOHI to inform system-wide man-
agement. Monitoring of these layers should be focused to-
wards identifying potential tipping points in order that pre-
emptive action can be taken.

Ultimately, threats, such as climate change, go beyond pan-
Arctic governance and will require global mitigation in reduc-
ing greenhouse gas emissions. Despite climate change being a
huge risk to the Arctic, the disconnection of communities, au-
thorities, and governments at the pan-Arctic scale prohibits a
clear and united message. This work provides foundational
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datasets, which can be of use for both pan-Arctic assessment
and local-decision-making for Arctic futures. Ensuring a partic-
ipatory process and inclusion of the full range of stakeholders
which is often vital in ensuring evaluation of management strat-
egies or alternative futures is appropriate and useful (Dichmont
and Fulton 2017). Promoting pan-Arctic monitoring, manage-
ment, and decision-making, joined with a bottom-up approach
of case studies and storytelling, could help position theArctic as
a bellwether for climate change and help create increasingly
ambitious, robust, and equitable climate policy at the global
scale. A data-driven approach, such as the OHI, allows the
quantification and clear communication of broad results to a
range of stakeholders both inside and outside the Arctic. It
can therefore help communicate complex issues and include
more stakeholders through transparency and open web-based
tools. However, when being used for management purposes,
the data and models must be interpreted carefully as with any
scientific output. As such, we have been transparent with the
data that has been used and their limitations such that these can
be factored in to any future use of the AOHI.

The OHI goals are intended to provide a broad comparative
framework and to encourage thinking about what we consider
to be a Bhealthy^ system and how far we are from that state in
relation to a range of human-defined functions and goals. It
can be updated and improved iteratively over time should new
data become available or should new social considerations
need to be factored in. This will be particularly important for
risks, such as ocean acidification and climate change, which
has the potential to alter the structure and biodiversity of eco-
systems (and subsequently impact people), but the long-term
effects of which are not well understood (Lam et al. 2016).
Likewise, while oil and gas extraction is not included here (as
with other OHI assessments), due to it being intrinsically un-
sustainable, it is undoubtedly of huge economic and social
importance to some Arctic areas and therefore stakeholders
may wish to include it in future assessments.

Conclusions

Our AOHI is a first step towards measuring the status of the
ocean across the high pan-Arctic area. In general, we found
the Arctic to be sustainably delivering a range of benefits to
people, with room for improvement in all goals, but particu-
larly in sustainable tourism, mariculture, fisheries, and
protected places. Biodiversity-focussed goals presented en-
couraging scores, showing how improved ecosystemmanage-
ment through recovering fisheries and sustainable marine
mammal exploitation, were having a positive effect.
However, the assessment was constrained by limitations in
pan-Arctic data, in particular the disjointed and non-
comparable nature of data from different Arctic regions.
While validating a composite index is a difficult undertaking,

the process of its formulation and understanding where con-
ceptual and data uncertainties are located is inevitably crucial
for informing management. Obtaining comparable data from
across the Arctic to minimise these uncertainties is a priority
for informing robust pan-Arctic stewardship; such efforts
should be targeted towards the most pressing and urgent
transboundary management challenges, such as fisheries, bio-
diversity, and economic development (shipping, tourism,
extractive activities; Tesar et al., 2016).
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