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The future of the global ocean economy is currently envisioned as advancing towards
a‘blue economy’—socially equitable, environmentally sustainable and economically
viable ocean industries'?. However, tensions exist within sustainable development
approaches, arising from differing perspectives framed around natural capital or
social equity. Here we show that there are stark differences in outlook on the capacity
for establishing a blue economy, and oniits potential outcomes, when social
conditions and governance capacity—not just resource availability—are considered,
and we highlight limits to establishing multiple overlapping industries. This is
reflected by an analysis using a fuzzy logic model to integrate indicators from multiple
disciplines and to evaluate their current capacity to contribute to establishing
equitable, sustainable and viable ocean sectors consistent with ablue economy
approach. We find that the key differences in the capacity of regions to achieve ablue
economy are not due to available natural resources, but include factors such as
national stability, corruption and infrastructure, which can be improved through
targeted investments and cross-scale cooperation. Knowledge gaps can be addressed
by integrating historical natural and social science information on the drivers and
outcomes of resource use and management, thus identifying equitable pathways to
establishing or transforming ocean sectors"**. Our results suggest that policymakers
must engage researchers and stakeholders to promote evidence-based, collaborative

planning that ensures that sectors are chosen carefully, that local benefits are
prioritized, and that the blue economy delivers onits social, environmental and

economicgoals.

As originally conceived by the Small Island Developing States of the
United Nations (UN), a blue economy intends to be economically
viable (prosperous) and environmentally sustainable, but also cul-
turally appropriate and focused on social equity and well-being"?.
This s reflected in the UN Sustainable Development Goal’14.7, and in
research and policy publications that reference related terms such as
‘blue growth’ and a ‘sustainable ocean economy’>*’. However, recent
plans from governments, trade associations, civil society and inter-
governmental organizations tend to focus primarily on the resources
necessary for industrial expansion and economic growth of multiple
ocean sectors instead of equitable outcomes from these sectors'®.
These discourses are similar to business-as-usual development, which
isworrying given the effects of overexploitation on ocean health® and
coastal economies™. These effects are compounded by gradual stresses
and extreme events from climate change'®", which disproportionately
affect vulnerable human populations?™. As a result, some groups
havereceived growinginterestinablue economy with skepticismand

expressed concern thatitwillbecomeatool by which traditional users
are excluded from ocean development”. Following from such sustain-
ability and environmental justice concerns, and building from cur-
rentblue economy discourses and research, our analysisidentifies the
areas of investment and research necessary to develop available ocean
resources in a manner consistent with a blue economy that is socially
equitable, environmentally sustainable and economically viable®.
Building on available global data (see Supplementary Information1
for fullindicator list and descriptions), we quantify and map the current
capacity of geographicorjurisdictional areas to establish an equitable,
sustainable, and viable blue economy (‘blue economy capacity’), and
analyse the results at global, regional and national scales, consider-
ing both biophysical resources for sector development (‘resource
availability’), and enabling conditions for subsequent advancement
of well-being (‘enabling conditions’)*®. Enabling conditions comprise
criteriarelated to social equity (humanrights, gender equality, group
and economic equity, and corruption)'®”, environmental sustainability
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Fig.1|Dimensions (n=2) and criteria (n=17, grey boxes) used to evaluate
the capacity to establish anequitable, sustainable and viable blue
economy (‘blue economy capacity’). Theresource availability dimension
here pertains tosix specific ocean economy sectors. The enabling conditions
dimension comprises three facets of development: social equity,
environmental sustainability and economic viability, each with corresponding

(including habitat, water quality and biodiversity)*®, and economic via-
bility (infrastructure, investment risk, national stability)**. Consistent
with the transformative vision of ablue economy as discussed above,
here we focus onsix sectorsthatrely onlivingand/or renewable marine
resources. These are: bioprospecting (for marine genetic resources
and bioactive compounds), blue carbon (involving restoration and
conservation of coastal vegetated systems valued in carbon markets),
ecotourism (emphasizing education, conservation and local benefits),
fisheries, mariculture and ocean energy (offshore wind and tidal)?
(Fig.1). We evaluate available indicators (for example, governance,
resource abundances and distributions; Supplementary Information 1)
on the basis of their observed and expected contribution'>*?' to blue
economy capacity and express them as indices scaled from 1to 100
(low to high contribution) using a fuzzy logic model (see Methods).

Results

Resourcesthat canformthe basis for establishing blue economy sectors
arepresentinallexclusive economiczones (EEZs; Fig. 2d), but around 75%
of EEZs had high resource availability scores for only three or fewer sec-
tors (calculated as scores higher than the corresponding median sector
scoreacrossall EEZs). Enabling conditions scores (Fig. 2a), which reflect
the capacity to deliver sustainable and equitable benefits from develop-
ment, were more variable than the scores for available resources (Fig. 2b).
The majority of blue economy capacity iswithin EEZs (Fig. 2d, e) and gaps
inenabling conditions are particularly evident in the high seas (Fig. 2c).
Disparities in data availability (Fig. 2a) may contribute to this result, yet
coastal zones within EEZs are highly productive, comprise most marine
biodiversity and suitable areas for industrial development (Fig. 2b), and
aresubject tomorejurisdictional oversight (Fig. 2a), making this finding
unsurprising butimportant to highlight. There were significant differ-
ences in enabling conditions scores (analysis of variance (ANOVA) test;
F=40.3,P<0.0001) and blue economy capacity scores (F=43,P<0.0001)
between territories (most often nations, butalsoincluding overseas ter-
ritories; see Methods) grouped by development categories (UN Human
DevelopmentIndex (HDI), see Methods), but no differences with respect
toresource availability scores (F=1.6, P=0.2) (Fig. 2e).

Investment risk

National stability
Y

Enabling conditions
dimension

criteria. Indicatorsinforming each criterion (n=33) are presentedin
Supplementary Information 1, including all sources and descriptions.
Indicators are evaluated for 0.5° x 0.5° cells throughout the oceans based on
sector observations and reviews using the fuzzy logic model explainedin the
Methods.

The main contributors to differences in blue economy capacity
(based on similarity of percentages (SIMPER) and analysis of similari-
ties (ANOSIM) analyses, see Methods; R =0.24, P<0.001) across spatial
cells were humanrights (12%), national stability (11%), corruption (11%),
and mariculture potential (10%) (see Extended Data Table 1). Across
regions, enabling conditions criteria that consistently ranked low-
est were infrastructure, economic equity, group equity and human
rights (Fig. 3). Sectors with higher resource availability scores were
bioprospecting, ecotourism, ocean energy and mariculture; others,
suchasfisheries and blue carbon, were sometimes high but limited to
specific places, appearing as regional outliers (Fig. 3).

Analysing scores within or between territories is beyond the scope
of this study, but we found no correlation (linear regression; R*=0.001,
P=0.11) between territory scores for resource availability and enabling
conditions. In Fig. 4a we label some examples to highlight that areas
with comparable resources can have very different enabling condi-
tions for their development and thus different blue economy capacity
(Fig. 4b), underlining the need to expand planning beyond resource
availability.

Discussion

Humanwell-being is akey goal of global development®, and high-level
policies for oceans emphasize a need for equitable economies within
and between nations® This study does not address gaps between these
narratives and real-world actions, but examines the extent to which
equitable and sustainable benefits are likely to be achievablein ocean
economies worldwide, based on current available resources and ena-
bling governance conditions. First, natural resources are widely but
patchily distributed across the oceans (Fig. 2b), so not many areas
will be able to competitively develop multiple sectors simultaneously
(Fig. 3). Prior research has shown that development based on living
marine resources—including blue carbon, ecotourism, fishing and
mariculture—can be important at local scales but may not be eco-
logically sustainable or socially desirable at larger scales®*. In these
cases, stakeholders may feel misled by growth projections revealed
tobeunattainable. Second—and perhaps moreimportantly forablue
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Fig.2|Distribution of dimensionscores (0.5°x 0.5° cells, n=183,431) across
oceans, regions and development groups. a, Enabling conditions for blue
economy establishment (comprising social equity, economic viability and
environmental sustainability). b, Resource availability for blue economy
establishment (comprising bioprospecting, blue carbon, ecotourism,
fisheries, mariculture, oceanenergy). ¢, Difference between enabling
conditions and resource availability scores (EC-RA gap’). Red (blue) indicates
anenabling conditionscore less (more) than the resource availability score.

d, Current capacity for establishing an equitable, sustainable and viable blue
economy (‘blue economy capacity’), based onindicators for environmental

economy approach®—across regions and development categories there
are widespread gapsinkey enabling conditions (for example, economic
and group equity, protection of human rights, environmental regula-
tions, infrastructure) needed to ensure equitable, sustainable and
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conditions and resource availability criteria evaluated through a fuzzy logic
model (see Methods). e, Distribution of blue economy capacity, enabling
conditions and resource availability cell scores, showing differencesin
enabling conditions and resource availability within and between regions (high
seasareas beyond nationaljjurisdiction, ABNJ, n=99,154; Africa,n=>5,584;
Americas, n=24,145; Asia,n=9,483; Europe, n=19,595; Oceania, n=15,143) and
development categories (low,n=3,209; medium, n=6,757; high, n=60,198).
Verticallines across panels show global median scores for resource availability
(yellow), enabling conditions (green), and blue economy capacity (blue).

viable ocean development (Figs. 2c-e, 3). It is these socioeconomic
and governance factors related to enabling conditions—and not avail-
ableresources—thataccount for the most differences (Extended Data
Fig.1) in the current capacity of geographic or jurisdictional areas to
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Fig.3|Criteriascores by dimension andregion. Dataforeachregioninclude
all0.5°x 0.5° cellsinthe EEZs of the correspondingjurisdictions (Africa,
n=5,584; Americas, n=24,145; Asia, n=9,483; Europe, n=19,595; Oceania,
n=15,143). The three lowest median scores for enabling conditions criteria for

establish sectors consistent with ablue economy (Fig. 2e), but they are
also ones that can be addressed by targeted investment.

Our results show clear trendsin available resources and current ena-
bling conditions that caninform transitions towards a blue economy,
but werecognize uncertainties inherent in our dataand model assump-
tions. For example, high-resolution environmental datasets such as
those used here (Supplementary Information 1) may apply statistical
approachestointerpolate observations, and are subsequently aggre-
gated toour 0.5°x0.5°grid, allowing for robust analysis of global pat-
terns but potentially obscuringlocal conditions. Even where local-scale
analyses are generally consistent with global indicators, they also add
essential context for effective planning and implementation®. Simi-
larly, indicatorsrelated to enabling conditions are generally collated at
national scales and may mask differences in de facto conditions within
reporting jurisdictions?*?*, which must be addressed at finer scales.
Such indicators may also reflect development assumptions that do
not specifically focus on equitable distribution of costs and benefits,
and instead prioritize markets and resource conservation grounded
in natural capital approaches*?. Assumptions about the contribution
of'social or environmental factors to blue economy capacity may also
change as new technologies enable new or more efficient industries,
climate effects alter marine ecosystems, and shifting social objectives
and preferences change desired sectors or pathways of development®*.
This is animportant limitation of our results, and future applications
must modify assumptions and data given specific goals and conditions,
evenwhenterritories have common guidelines (for example, Sustain-
able Development Goals).

At the regional level, the Asia region had the widest gap between
dimension scores, owing not only to lower enabling conditions but
also to high resource availability (Fig. 3). This includes exceptionally
high biodiversity and large mangrove ecosystems (for example, in
the Coral Triangle, in southeastern Asia) (Fig. 2c), with high potential
for the development of ecotourism, bioprospecting and mariculture
(Fig.4). Ocean-based development plans for China, Taiwan and Bangla-
deshdo prioritize mariculture, butalso sectors suchas shipping, port
construction and large-scale ocean energy projects” 2%, which have
potential but may encounter challenges related to inequitable benefits
and uneven existing infrastructure (Fig. 3). Similar challenges have
been anticipated in African blue economy plans®’, which emphasize

Criteria scores

eachregionarehighlightedinred, and three highest scores for resource
availability sectorsin blue. Box limitsindicate lower and upper quartiles;
vertical lines are median values; whiskers indicate minimum and maximum
values of 1.5x the interquartile range; points are outlier values.

use of marine spatial planning tools to accommodate emerging sec-
tors such as mariculture, ocean energy and shipping infrastructure,
and solidify legal claims to mineral and oil resources***. Living marine
resources may indeed allow for the establishment of multiple sectors
(Fig. 3), but ablue economy must carefully consider ecological and
social outcomes in the context of African development goals focused
onlocallivelihoods and food security®. For example, mariculture may
increase food production and decrease pressure on wild stocks®, but
expansion that is focused on high-value species intended for export
may not increase local food availability and could even decrease it by
using fish for farm feed® and degrading productive habitats such as
mangroves that sustain local fisheries®.

The Americas, Europe and Oceaniaregions generally scored higher
onenabling conditions than onresource availability (Fig. 2e), but fac-
tors such asinfrastructure, economic and group equity can be highly
variable between and within jurisdictions (Fig. 3). In the Americas,
natural capital approaches to ocean development are most common
but specific plans are in relatively early stages compared with Europe
and Oceania, with the exception of some Caribbean nations and a
general interest in ecotourism and mariculture®?®, The European
Union (EU) has focused on sectors such as offshore wind energy and
mariculture and initially excluded fisheries¥, reflecting the different
objectives for ocean development across regions. Fisheries have been
included in more recent EU plans®, given scientific evidence of their
potential for growthif economic efficiency isimproved®. By contrast,
Oceania has prioritized community objectives, traditional resource
uses, and emerging sectors that can be developed in accordance with
local customs®. Across regions, participatory design of contextually
appropriate goals and strategies could help align economicincentives
andidentifylocalinvestment needs. Recognizing and including awide
range of stakeholders and perspectives is a foundational step in this
process of transformation®,

All coastal nations could develop and transform their ocean econo-
mies to advance equity and sustainability (Fig. 4a), and our results
show that most marine renewable resources are indeed within EEZs
with clearer rights and responsibilities (Fig. 2b, e). It is important,
however, to avoid conflicts and find synergies between existing and
emerging sectors—and development goals**—whenever possible.
For example, well planned blue carbon sites could simultaneously
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Fig.4|Resourceavailability and enabling conditions scores for coastal
territories. a, Symbol shapesindicate UNHDI development category:circle,
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higher or lower capacity to establish blue economy sectors that are equitable,
sustainable and viable (‘blue economy capacity’); someterritories arelabelled
asexamples. We note thatscores do not reflect the current relative importance

contribute to carbonsequestration, habitat protection, artisanal fish-
eriesand ecotourism>*', Ecotourism, if carefully implemented, can be
important for rural communities but also incentivizes conservation
and infrastructure investments with wider benefits*2. Ocean energy
investmenthaslagged in the developing world due toinfrastructure and
economic viability conditions?** (Fig. 3), but focusing on marginalized
communities could shift investment towards areas that are difficult
or expensive to connect to existing grids (‘last-mile electrification’).
Global marine biodiversity is double that found in terrestrial systems**
andbioprospecting could add economic incentives for conservation®.
However, disparities in local capacity can lead to unequal sharing of
benefits from such resources—for example, a single corporation has
registered 47% of marine genetic sequencesincludedin patents world-
wide*¢—again highlighting the need for afocus on social equity within
ablue economy that supports wider well-being’. Inaddition, as we face
unprecedented effects from the ongoing COVID-19 pandemic, all sec-
tors need to consider risks of unexpected external shocks.

Planning and development of ocean-based sectors can be particu-
larly difficult owing to the nature of ocean spaces, including highly
connected and shifting resources and effects, often less-well-defined
jurisdictional capacity and responsibilities*’, and the prevalence of
vulnerable resource-dependent communities along many of the world’s
coasts®™'®, However, this study shows that dataand methods do exist to
informstrategies that recognize such challenges and to prioritize per-
tinent social and ecological contexts and goalsin policy. Thisincludes
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of oceansto particular territories and only consider the six sectors included in
this study. b, Residual fits between enabling conditions and resource
availability dimensions scores showing the effect on blue economy capacity
scores. Dashedlineis at 0, showing the distribution of positive and negative
residual values.

organizations seeking to maximize effects of development interven-
tions and regional initiatives; governments considering synergies and
factorslikely to hinder or enable the establishment of ablue economy;
and actors at any scale seeking to distinguish constraints and risks
that are tractable to their own policy change from those that require
longer-term or higher-scale actions*. Inall cases, this study highlights
that recognizing that the key factors to be addressed are related to
enabling conditions—and not only natural resource availability—is a
foundational step towards a strategic approach to achieving a blue
economy.
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Methods

This study uses aset ofindicators from multiple disciplinesintegrated
through afuzzy logic model to evaluate the capacity of geographic or
jurisdictional areas to establish ocean sectors consistent with a blue
economy approach. This ‘blue economy capacity’ comprises two over-
arching dimensions: ‘resource availability’ considers criteria (n=6)
regarding the availability of natural resources that underpin ocean
sectors; ‘enabling conditions’ considers criteria (n=11) regarding the
capacity toensure that sectors are socially equitable, environmentally
sustainable and economically viable (Fig. 1). Blue economy capacity,
dimensions and criteriascores are informed by indicators (n=33) based
onareview of oceansectors from the perspective of social, economic
and ecological dimensions of sustainable development®. All indicator
datasets were standardized into a global 0.5° x 0.5° cell grid, which
involved aggregating values when indicators had higher resolutions,
or assuming corresponding cells had the same values when indica-
tors were at larger (for example, national) scales (see Supplementary
Information1andsection ‘Discussion’). Fulldescriptions of indicators,
data sources and technical details are presented in Supplementary
Information 1.

Our analyses address several levels of aggregation, and scores for
eachofthese geographicorjurisdictional areas represent median val-
uesover the grid cells they comprise. The smallest analytical units are
individual 0.5 x 0.5° cells, followed by territories (most often nations,
but also including overseas territories and disputed islands); subre-
gions and regions (following UN categories); and development cat-
egories (high, medium, low), based on the UN HDI (which we do not
use in our model). The UN HDIlincludes a ‘very high’ category, but for
simplicity we combined these territories with the ‘high’ category.

We use afuzzy logic model to evaluate indicators in terms of their
contributionto heuristic categories (‘sets’) representing very limited,
limited, high, and very high capacity for corresponding criteria, dimen-
sions and blue economy (Fig. 1) scores ([0-100]). For example, high
average wind speed, existing infrastructure and a well functioning
economic system are all expected to contribute to higher capacity for
developing offshore wind energy (ocean energy sector) within ablue
economy (see Supplementary Information 2, Extended Data Fig. 1).
Overlaps between the fuzzy sets are an explicit part of the fuzzy logic
model and address potential uncertainties in the thresholds between
categories, because an indicator value can be part of two or more cat-
egories at once* (Extended Data Figs. 3-5).

Fuzzy set distributions were informed by observed relationships
between current operations and underlying resources and site char-
acteristics? and prior reviews of ocean sector requirements>. See
Supplementary Information 2 and Extended Data Fig. 1 for extended
methodsincludingagraphical example; Extended Data Figs. 2-4 show
the fuzzy sets for every indicator in the model, their corresponding
categories, and Supplementary Information 3 their underlying range
and shape parameters. Observed data should be integrated into this
approach whenever possible, but users can modify categories depend-
ingonobjectives and contexts through expert elicitation*, especially
in regional studies. This method is highly useful when policy goals
are difficult to evaluate directly but can be informed by known rela-
tionships with underlying factors®, and has been used, for example,
to gauge progress towards marine biodiversity targets® or evaluate
vulnerability of marine species to human activity*>*,

At the highest level of aggregation, we use an analysis of variance
(ANOVA) test for differences in dimension and capacity scores between
territories in different development categories (high, medium, low).
Differences between cell criteria scores were tested using an analysis
of similarities (ANOSIM) comparing among regions, using each terri-
torywithinaregionasareplicate. A similarity of percentages (SIMPER)

analysis was then used to assess the effect of blue economy capacity
criteria to differences between grid cells (for example, criteria 1 may
account for 30% of differences, criterial+ 2 for 40%, etc.). SIMPER
analyses are multivariate statistical procedures used in community
ecology to calculate the relative contribution of species abundance
to dissimilarity between ecosystems, according to the Bray—Curtis
dissimilarity index. We used a linear regression to test for a possible
relationship between territory-level scores for resource availability
and enabling conditions (Fig. 4a), and plotted the fit residuals to high-
light the relationship between these two scores and the blue economy
capacity scores (Fig. 4b). We ensured that residuals were normally
distributed, were homoscedastic, did not follow clear patterns, and
that the models were not affected by influential outliers (QQ plots,
standardized residual versus fitted value plots, scale location plots,
residual versus leverage plots, Cook’s distance measures of leverage
and Levine’s test of equal variance), with no issues found. All analyses
were performed using the R ‘base’ and ‘vegan’ packages***.

Data availability

Alldataare available from the corresponding author upon reasonable
request or at Data Dryad (https://doi.org/10.5061/dryad.63xsj3v1h).
Indicator input data are also available from the sources and links pre-
sented in Supplementary Information 1.

Code availability

Custom code for this study is available from the corresponding author
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Extended Data Table 1| Criteria ranked by order of
contribution to differences between global regions

Criteria Sum

Human Rights 0.120
Corruption 0.114

National Stability 0.113

Mariculture 0.105
Water Quality 0.099
Group Equity 0.092
Investment Risk 0.081
Gender Equality 0.077
Bioprospecting 0,068
Economic Equity 0.066
Ecotourism 0.054
Infrastructure 0.049
Fisheries 0.046
Blue Carbon 0.025
Blue Energy 0.017
Marine Habitat State 0.012

Biodiversity Protection  0.007

Values show the contribution of each criteria to overall differences between regions, based on
SIMPER and ANOSIM analyses.
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