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Assessing ocean sustainability requires indicators that link human demand to the
regenerative capacity of marine ecosystems. Existing tools, such as the Ecological
Footprint and the Ocean Health Index, provide valuable insights but do not explicitly
quantify ocean resource appropriation in biophysical terms or consistently connect
demand, ecological limits, and responsibility. This study proposes the Ocean
Footprint (OF), an emergy-based indicator that integrates major blue economy
sectors and introduces three complementary metrics: Ocean Carrying Capacity
(OCC), Ocean Responsibility Balance in Emergy (ORBEM), and Ocean Overshoot
Day (OODay). The framework is applied at the national scale, using Brazil as a primary
case study, and is complemented by cross-country comparisons. Results indicate
that Brazil's ocean-related demand substantially exceeds its domestic regenerative
capacity, resulting in a significant ecological deficit driven mainly by offshore oil
extraction and plastic pollution. Comparative analysis shows that most countries
operate under oceanic deficit conditions, with limited cases of ecological surplus.
The OODay metric further reveals that, under current consumption patterns,
national and global ocean limits are exceeded within the year. The proposed
framework provides a biophysically grounded, operational approach to assessing
ocean sustainability, supporting the identification of key pressure drivers and
enabling the integration of ecological constraints into policy and decision-making,
particularly in the context of the blue economy and ocean governance.

KEYWORDS
blue economy governance, ecological justice, emergy accounting, environmental
responsibility metrics, marine carrying capacity

1 Introduction

The global ocean is facing a multidimensional crisis marked by ecosystem degradation,
overexploitation of resources, pollution, and climate-related pressures. This “ocean crisis”,
highlighted by UNESCO through the UN Decade of Ocean Science for Sustainable
Development (2021-2030), reflects not only ecological decline but also structural imbal-
ances in how ocean resources are appropriated and managed (UNESCO, 2021; United
Nations General Assembly, 2017). These dynamics have intensified challenges in ocean

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fevo.2026.1822223/full
https://www.frontiersin.org/articles/10.3389/fevo.2026.1822223/full
https://www.frontiersin.org/articles/10.3389/fevo.2026.1822223/full
https://www.frontiersin.org/articles/10.3389/fevo.2026.1822223/full
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fevo.2026.1822223&domain=pdf&date_stamp=2026-07-13
mailto:biafgian@unip.br
https://doi.org/10.3389/fevo.2026.1822223
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://doi.org/10.3389/fevo.2026.1822223
https://www.frontiersin.org/journals/ecology-and-evolution

de Queiroz et al.

governance and accelerated the expansion of the blue economy
(Sowman and Sunde, 2024; Bennett et al., 2021; Jouffray et al.,
2020). In parallel, recent international frameworks (including the
Sustainable Development Goals (SDGs), the Ocean Decade
Challenges, and the Kunming-Montreal Global Biodiversity
Framework) have reinforced the urgency of aligning ocean conser-
vation, ecosystem services, and sustainable use with human well-
being. Despite this growing convergence, the biophysical founda-
tions of these agendas (particularly the limits of marine regenerative
capacity) remain insufficiently integrated into sustainability assess-
ment and governance frameworks (UNESCO, 2022).

A central dimension of this crisis is the mismatch between
human demand for ocean ecosystem services and the capacity of
marine systems to regenerate them. This imbalance is exacerbated
by unequal access to marine resources and development pathways
that expand extraction and pollution while externalizing environ-
mental costs. Addressing these dynamics requires analytical ap-
proaches that explicitly link resource appropriation, ecological
limits, and responsibility, providing a consistent basis for evaluating
sustainability and informing governance.

Existing marine sustainability indicators offer important in-
sights but have structural limitations. The Ocean Health Index
(OHI) integrates ecological, social, and economic dimensions
through composite scores; however, it relies heavily on data
availability and weighting assumptions, which constrain biophysical
interpretation and limit the assessment of cross-national responsi-
bility (Halpern et al., 2012). The Ecological Footprint, expressed in
global hectares, remains predominantly land-based and represents
marine systems largely through fisheries, using biocapacity equiv-
alences that obscure underlying energy flows and regenerative
constraints (Wackernagel and Rees, 1996; Borucke et al., 2013;
Venetoulis and Talberth, 2008; Global Footprint Network, 2023).
As a result, neither approach quantifies ocean resource appropria-
tion in physical energy terms nor directly evaluates whether human
demand exceeds marine regenerative capacity.

In this context, emergy accounting, developed by Howard T.
Odum, provides a thermodynamically grounded framework for
expressing heterogeneous resource flows in a common unit of
equivalent solar energy (seJ) (Odum, 1996). By capturing the
environmental work embodied in natural resources, emergy enables
the integration of ecological production, human appropriation, and
economic processes. Although emergy has been applied to coastal
and marine systems—including fisheries, coastal metabolism, and
resource use assessments (Vassallo et al., 2009; Franzese et al., 2017;
Zhao et al., 2019; Liu et al., 2021)—its use to explicitly link demand,
regenerative capacity, and responsibility within integrated ocean
sustainability indicators remains limited.

This study addresses this gap by proposing the Ocean Footprint
(OF), an emergy-based indicator that quantifies human demand on
marine ecosystems in biophysical terms. The OF integrates major
ocean-based activities into a single metric (seJ/year), enabling direct
comparison with marine regenerative capacity. Building on this
foundation, three complementary indicators are introduced: Ocean
Carrying Capacity (OCC), Ocean Responsibility Balance in Emergy
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(ORBEM), and Ocean Overshoot Day (OODay). Together, they
capture pressure, limits, and responsibility.

The framework is applied at the national level using countries as
units of analysis and contemporary datasets (circa 2024). This
approach enables the simultaneous assessment of domestic sustain-
ability and global responsibility, supporting cross-country compar-
isons and informing ocean governance and blue finance strategies.

This study aims to develop an integrated framework for
assessing ocean sustainability by linking anthropogenic demand,
ecological capacity, and responsibility through emergy-based indi-
cators. Its main contribution is articulating the Ocean Footprint
(OF), Ocean Carrying Capacity (OCC), Ocean Responsibility
Balance in Emergy (ORBEM), and Ocean Overshoot Day
(OODay) into a coherent analytical system applicable at the
national scale. By combining these indicators, the proposed frame-
work enables consistent evaluation of marine resource use, ecolog-
ical limits, and responsibility, supporting more informed and
equitable decision-making in ocean governance.

2 Theoretical basis

This work builds on three complementary pillars: (i) emergy-
based environmental accounting; (ii) ecological justice and shared
responsibility; and (iii) sustainable blue finance. Together, these
foundations support the development of biophysical indicators that
link ocean resource use, regenerative limits, and responsibil-
ity allocation.

2.1 Emergy as a biophysical basis:
fundamental concepts and their
operationalization

Emergy theory applies thermodynamic principles to ecological
and socioeconomic systems by expressing energy, materials, ser-
vices, and information flows in a common unit of equivalent solar
energy (se]) (Odum, 1996). Unlike monetary or mass-based indi-
cators, emergy explicitly quantifies ecosystems” biophysical contri-
butions, enabling the assessment of planetary limits and carrying
capacity relative to human consumption.

A core concept is energy quality, measured by Transformity
(seJ/]), which captures the hierarchical organization of energy flows
across system levels (Odum, 1983, 1988). Higher-quality flows
embody greater cumulative environmental work, even as energy
availability declines. Operationally, emergy accounting uses Unit
Emergy Values (UEVs, Equation 1) to aggregate local and external
inputs (including labor and information) into a single biophysical
metric.

Emergy (sej) = Quantity (Unit) x UEV (seJ/unit) (1)

Emergy also enables the valuation of non-market ecosystem
services through the emergy-money ratio (EMR), which converts
biophysical flows into monetary equivalents by relating national
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emergy use to GDP. This approach supports transparent account-
ing of marine resource appropriation and facilitates integration with
economic and financial analyses.

Emergy-based methods have been widely applied to coastal and
marine systems. Applications range from ecosystem service valua-
tion and management assessment (Vassallo et al., 2009; Franzese
et al., 2017; Vassallo et al., 2017) to national and regional coastal
zone analysis (Zhao et al,, 2019; Yang et al,, 2019a, b) and global
assessments of estuaries, mangroves, and coral reefs (Liu et al,
2021). Together, these studies demonstrate the scalability of emergy
accounting and its suitability for diagnosing sustainability and
governance challenges in marine systems. Table 1 illustrates how
the emergy required to harvest one ton of fish is computed and
converted. The example in Table 1 shows that emergy accounting is
operationally transparent, enabling the quantification of resource
appropriation from the sea in a common biophysical unit.

Table 1 presents a simplified and generic example intended to
illustrate the operational steps of emergy-based environmental
accounting for non-specialist readers. Detailed case-specific calcu-
lations, including data sources and methodological assumptions, are
provided in the Supplementary Material.

2.2 Shared responsibility and ecological
justice

Emergy accounting provides a quantitative basis for comparing
ocean resource appropriation across countries, revealing inequali-
ties in access to marine ecosystem services and pressures on
regenerative limits. Grounded in the principle of common but
differentiated responsibilities (United Nations, 1992), this approach
enables responsibility allocation based on biophysical use rather
than on economic output or income levels alone. Traditional
metrics such as GDP fail to capture these pressures and therefore
obscure sustainability performance (Coscieme et al., 2019).

By expressing national ocean use and ecological deficits in
physical energy units, emergy-based indicators help identify eco-
logical creditors and debtors and inform discussions on compen-
sation, restoration, and cooperative governance. Recent studies
emphasize the importance of systemic, thermodynamically

TABLE1 Example of environmental accounting in emergy for the fishing
of one ton of fish.
Unit

Item Value

1 | Energy contained in 1 ton of fish 1.10 E + 09 Tt

2 | Fish (UEV) 1.90 E + 06 seJ/]

3 | Emergy of the fish (one ton) 209E + 15 seJ/t

4 | Emergy-Money Ratio (EMR, 2015, world) | 1.33 E + 12 seJ/US$

5 | Estimated monetary value via emergy =~ 1,500 emUS$/t

(1) The calorific value of 8.90E + 08 cal/t x 4.18 J/cal = 3.72 E + 09 J/t for fish dry mass was
considered. Since 70% of the mass is water, the calorific value is c. 1.1 GJ (3.72 E + 09 J/ton of
dry fish mass) x (0.3 ton of dry mass/1 ton of fish).

(2) UEV derived from the Supplementary Material in Giannetti et al. (2019).

(3) Result (1) x (2).

(4) EMR of the world obtained from NEAD (n.d).

(5) Quotient (3)/(4).

Values are expressed in scientific notation (seJ) following standard emergy accounting
conventions.
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grounded approaches, such as Odum’s framework, to overcome
fragmented sustainability metrics and guide long-term policy
design (Fonseca et al., 2024). In this way, emergy operationalizes
ecological justice by linking responsibility to actionable governance

and financing mechanisms.

2.3 Natural capital, oceans and sustainable
blue finance

Emergy accounting also provides a robust biophysical basis for
valuing marine natural capital and structuring blue finance instru-
ments. Oceans underpin major sectors of the blue economy but face
escalating pressures from overfishing, pollution, habitat loss, and
climate change, creating systemic ecological and economic risks
that conventional financial indicators inadequately capture
(FAO, 2022).

By quantifying the energy embodied in ecological production
processes, emergy estimates the donor-side value of marine re-
sources, independent of market fluctuations. For example, natural
fish biomass embodies approximately 1,500 US$/t in emergy terms
(Table 1), reflecting the work of nature rather than scarcity or
industrial costs. Market prices, by contrast, reflect receiver-side
dynamics, including demand, technological inputs, and supply
constraints (Odum, 1996). This divergence is evident in both
capture fisheries and aquaculture: high market prices for
overexploited species stem from scarcity rather than ecological
value, while aquaculture prices reflect energy-intensive industrial
inputs rather than natural productivity. Emergy analysis reveals
these hidden biophysical foundations and highlights misalignments
between market signals and ecosystem sustainability.

By integrating emergy-based valuation with governance and
finance frameworks, it becomes possible to align investment deci-
sions with regenerative limits, internalize ecological costs, and
support financial instruments that promote conservation, equity,
and long-term resilience in marine socioecological systems.

3 The proposed ocean footprint (OF
method: biophysical structure for
assessing ocean sustainability

This study introduces the Ocean Footprint (OF) as an emergy-
based metric that converts heterogeneous marine resource flows
into a common biophysical unit, enabling the assessment of ocean
sustainability and the calculation of the Ocean Overshoot Day
(OODay). The framework parallels the Earth Overshoot Day,
which focuses on terrestrial systems (Wackernagel et al., 2002;
Global Footprint Network, 2023), but uses an ocean-specific ac-
counting structure based on emergy rather than bioproductive area.
This approach enables direct comparison between marine demand
and regenerative capacity without double counting and supports
integrated assessments of ocean governance and blue finance.

The analysis adopts a system-based environmental accounting
approach at the national scale, rather than a statistical sampling
framework. Ocean-related activities within national jurisdiction
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define the unit of analysis. Data are obtained from secondary
sources, including international databases and peer-reviewed liter-
ature, and are organized according to the components of the Ocean
Footprint. All variables are expressed in emergy units (solar
emjoules, seJ), enabling the integration of heterogeneous resource
flows. The equations used in the study represent the relationships
among anthropogenic demand (OF), ecological supply (OCC), and
derived indicators (ORBEM and OODay). They are explicitly
defined to ensure transparency and reproducibility.

3.1 Ocean footprint

The Ocean Footprint (OF) is proposed as an emergy-based
indicator to quantify human demand on marine ecosystems in
biophysical terms. It expresses the total environmental work re-
quired to sustain ocean-related human activities in a common unit
of solar emergy (seJ), enabling the integration of heterogeneous
resource uses and environmental pressures within a unified frame-
work. The OF is structured around major categories of ocean-
related activities that represent distinct forms of appropriation of
marine ecosystem services. These include the extraction of biolo-
gical resources (fisheries and aquaculture), the exploitation of non-
living resources (offshore oil), and a set of activities that depend on
marine systems through infrastructure, energy use, and spatial
occupation, such as maritime transport, coastal and marine tour-
ism, and coastal occupation. In addition, pollution-related pressures
(specifically sewage discharge and plastic emissions) are incorpo-
rated as components representing the environmental work required
to assimilate or mitigate their impacts.

From an emergy accounting perspective, pollution represents an
indirect appropriation of ecosystem capacity because marine systems
must expend environmental work to assimilate, dilute, transform, or
compensate for anthropogenic impacts. Accordingly, pollution-re-
lated components are incorporated into the Ocean Footprint not as
productive resource flows but as proxies for the ecosystem support
required to maintain environmental quality, ecosystem functioning,

10.3389/fevo.2026.1822223

and ecological resilience. This approach aligns with emergy theory,
which accounts for both resource use and the environmental work
necessary to sustain or restore ecological processes affected by
human activities.

The selection of components is based on their economic and
environmental relevance to the blue economy. Resource-based activ-
ities (e.g., fisheries, offshore oil, transport, tourism, and coastal
occupation) are major sources of economic value derived from
marine systems, while pollution-related components (sewage and
plastic) capture key externalities that impose significant environmen-
tal and economic costs. This selection ensures that the Ocean
Footprint reflects both the primary drivers of ocean-based economic
activity and the main sources of pressure on marine ecosystems.

Although maritime activities contribute to CO, emissions, these
emissions are not accounted for as a separate component to avoid
overlap with terrestrial carbon accounting frameworks, ensuring
conceptual consistency within the proposed ocean-focused approach.

The conceptual structure of the Ocean Footprint is illustrated in
Figure 1. Marine ecosystems provide the biophysical basis of the
system, generating energy and material flows (e.g., biomass pro-
duction, organic matter, and fossil resources) that support ocean-
based human activities. These flows are represented through
emergy accounting, which expresses the cumulative environmental
work embodied in them. In this context, offshore oil is treated
explicitly as a non-renewable resource extracted from marine
systems, while activities such as transport and tourism represent
indirect forms of ecosystem appropriation. Pollution-related com-
ponents are represented as accounting proxies for the emergy
required to dilute or mitigate environmental impacts, rather than
as direct physical energy flows. All components are converted into
emergy units using appropriate Unit Emergy Value (UEV, seJ/unit),
ensuring consistency in representing both direct resource extraction
and indirect pressures. This approach allows the aggregation of all
components into a single indicator expressed in seJ per year.

Based on this structure, the Ocean Footprint can be defined by
Equation 2:

Offshore oil extraction,
Coastal tourism,

Costal ocupation,
Maritime transport &

Landscape

Organic
matter &
Oil

Fishing

Solar
radiation,
deep heat
& tide

Ecosystems

Drained
resources

OCEAN

FIGURE 1

Economic
resources

Commerce &
Industry

3

Economic use

K2

Domestic sewage &
plastic

BLUE ECONOMY/FINANCE

Conceptual structure of the ocean footprint framework. The diagram represents the relationship between marine ecosystems and ocean-based
human activities. Blue arrows indicate emergy flows derived from ecosystem processes (e.g., biomass production and fossil resource availability) that
support the blue economy (fishing, offshore oil, tourism, coastal occupation, and maritime transport). Pollution-related components (sewage and
plastic) are represented as accounting proxies for the environmental work required to assimilate or mitigate impacts. The framework distinguishes
between biophysical resource flows and emergy-based representations of human demand on marine systems.
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OF = ER + EP )

Where each term corresponds to the emergy associated with a
specific category of ocean-related activity or pressure. This formu-
lation enables the comparison between total human demand and
the regenerative capacity of marine ecosystems, forming the basis
for subsequent indicators.

By expressing ocean resource appropriation in emergy terms,
the OF overcomes limitations of area-based or composite indices,
allowing direct comparison across countries and activities while
preserving biophysical meaning. This is particularly relevant for
assessing whether current patterns of ocean use exceed ecological
limits and for supporting the evaluation of responsibility and
sustainability at different scales.

3.2 Ocean carrying capacity

The Ocean Carrying Capacity (OCC) represents the renewable
and accessible biophysical supply of marine ecosystems, expressed
in emergy terms (seJ/year). In this study, national OCC is defined as
the sum of two components: (i) ecosystem services provided by
marine protected areas (PA), and (ii) marine resources (MR)
available within national jurisdiction.

This definition ensures that OCC captures both conservation-
based contributions and the broader availability of marine re-
sources, providing a consistent basis for comparison with anthro-
pogenic demand as quantified by the Ocean Footprint (OF).

The Ocean Carrying Capacity (OCC) represents the renewable
ecological support capacity available within national marine juris-
dictions, expressed in emergy terms (seJ/year). In this study,
national OCC is defined as the sum of two components: (i)
ecosystem services provided by marine protected areas (PA), and
(ii) marine resources (MR) available within national jurisdiction.

The Protected Areas (PA) component represents the annual
ecosystem services maintained by marine ecosystems under full
protection status. PA was estimated by multiplying the extent of
fully protected marine areas reported for each country by the
corresponding Unit Emergy Value (UEV) of ecosystem services
obtained from Liu et al. (2021). This approach assumes that
protected areas sustain ecosystem functions such as biodiversity
maintenance, habitat provision, nutrient cycling, and ecosystem
resilience, thereby contributing to the renewable ecological support
capacity of marine systems.

The Marine Resources (MR) component represents renewable
resource support flows available within national marine jurisdic-
tions. MR was estimated using renewable geobiosphere baseline
flows expressed in emergy terms. Consequently, OCC combines
ecosystem service flows (PA) and marine resource support flows
(MR), providing a biophysical measure of the ecological capacity
available to sustain ocean-related activities.

3.3 Ocean responsibility balance in emergy
The Ocean Responsibility Balance in Emergy (ORBEM,

Equation 3) is derived from the relationship between Ocean
Carrying Capacity (OCC) and Ocean Footprint (OF), providing a
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monetary-based interpretation of the balance between ecological
supply and human demand.

ORBEM = OCC - OF 3)

Where OCC represents the emergydollar (emUS$) of national
Ocean Carrying Capacity and OF denotes the Ocean Footprint,
including extracted resources and pollution, in emUSS$.

ORBEM expresses this balance in economic terms by translat-
ing emergy flows into monetary values, enabling the assessment of
ecological surplus or deficit in a format that is more directly
applicable to policy and financial decision-making. In this context,
positive values indicate that the ecological capacity exceeds demand,
while negative values reflect ecological deficit.

By converting the biophysical balance into a monetary metric,
ORBEM complements the emergy-based indicators and supports
the integration of ecological constraints into economic and gover-
nance frameworks, including blue finance strategies.

Purpose and interpretation of ORBEM.

The primary objective of ORBEM is to classify countries
according to their net responsibility for ocean sustainability by
comparing human pressure and Ocean Carrying Capacity. Four
categories are defined: (i) super-debtors (ORBEM < 0), whose
Ocean Footprint greatly exceeds conservation actions; (ii) debtors
(ORBEM< 0), with persistent ecological deficits; (iii) balanced
countries (ORBEM = 0), whose pressures are approximately offset
by protection or low demand; and (iv) creditors (ORBEM > 0),
which preserve more than they degrade and provide positive
externalities to global ocean stability.

ORBEM’s innovation lies in expressing resource extraction,
pollution, and carrying capacity in a unified biophysical unit (seJ),
enabling direct comparison across countries and conversion into
monetary equivalents (emUS$) using national emergy—GDP ratios.
This approach links biophysical sustainability with macroeconomic
performance and supports international governance by identifying
inequalities in ocean use, clarifying responsibility allocation, and
guiding conservation investment and blue finance strategies. As a
complement to the Ocean Footprint, ORBEM measures not only
pressure but also net performance, enabling assessment of both
degradation and stewardship within a single analytical framework.
This is particularly relevant in the context of blue finance, where
integrating biophysical limits into monetary and decision-making
frameworks remains a key challenge.

3.4 Ocean overshoot day

The Ocean Overshoot Day (OODay) provides a temporal inter-
pretation of the relationship between Ocean Carrying Capacity
(OCC) and Ocean Footprint (OF), calculated by Equation 4:

OODay = (OCC/OF) x 365 (4)

where OCC denotes Ocean Carrying Capacity (seJ/year) and
OF represents the Ocean Footprint (seJ/year), expressing annual
demand for marine resources and services, and represents the
proportion of the year during which marine ecosystem services
are sufficient to sustain human demand.
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This indicator translates the biophysical balance into an intu-
itive temporal metric, indicating the point within the year at which
ecological limits are exceeded. As such, OODay complements
ORBEM by offering a communicative and policy-relevant repre-
sentation of sustainability.

Ocean Carrying Capacity (OCC) should not be interpreted as a
stock of marine natural capital. Rather, it represents the annual
biophysical support capacity provided by marine ecosystems, ex-
pressed in emergy terms through ecosystem services and marine
resource availability. Within this framework, the inclusion of non-
renewable resources such as offshore oil in the Ocean Footprint
does not imply that these resources can be regenerated by marine
ecosystems. Instead, their contribution indicates the extent to which
ocean-related activities rely on resource depletion beyond the
renewable support capacity of the marine system. Consequently,
indicators derived from the relationship between OF and OCC,
including ORBEM and OODay, should be interpreted as measures
of dependence on marine ecological support rather than as direct
estimates of resource replacement.

3.5 Data sources

All flows are converted into emergy using specific coefficients
reported in the literature. Two main types of data are considered in
this study:

TABLE 2 Variables used in the ocean footprint and respective data sources.

Sector/variable Data source

10.3389/fevo.2026.1822223

Multi-metric data that quantifies appropriate resources
(Table 2). Sectors of use organize these data and indicate the
appropriation of ocean ecosystem resources and services.

The Ocean Footprint is constructed using the most recent and
reliable sectoral datasets available (Table 2), resulting in a tempo-
rally heterogeneous but structurally consistent accounting frame-
work. Core components (fishing and aquaculture, maritime
transport, offshore energy, and coastal tourism) are based on 2024
data, anchoring the estimate to contemporary ocean-use patterns.
Other components, including plastics, sewage, and coastal occupa-
tion, rely on slightly earlier datasets (2015-2019), reflecting struc-
tural pressures for which more recent harmonized global statistics
are not yet available.

Given that these latter pressures exhibit well-documented
upward trends over time, the resulting Ocean Footprint for 2024
can be interpreted as a conservative estimate of current ocean
demand. This approach follows standard practice in global envi-
ronmental accounting, where best available data are integrated
across sectors to produce policy-relevant indicators of systemic
pressure rather than short-term fluctuations. Accordingly, the
Ocean Footprint and derived Oceans Overshoot Day indicators
are representative of circa-2024 conditions and provide a robust
basis for national and global sustainability assessments.

Unit Emergy Value (UEVs, sej/unit) data, which allow the
conversion of flows into emergy, and the Emergy Money Ratio

Observation

Fishing and Aquaculture

World Bank. (n.d.). Capture fisheries production (metric tons). World Bank Open Data.
Source: Food and Agriculture Organization of the United Nations (FAO). Retrieved
November 18, 2025, from https://data.worldbank.org/indicator/ER.FSH.PROD.MT?

Information compiled from research
conducted by FAO for ‘Fisheries
Production’. 2024 data.

Offshore oil

Wisevoter. (n.d.). Oil production by country. Wisevoter. Retrieved November 02, 2025,
from https://wisevoter.com/country-rankings/oil-production-by-country/[1]
https://www.cnoocltd.com/english/investorrelations/reports/annualreport/Retrieved
December 30, 2025 [2]

[1] Oil production by country, 2023
data.

[2] China annual offshore oil
production

Maritime Transport

https://unctadstat.unctad.org/datacentre/dataviewer/US.FleetBeneficial Owners

Global reference in merchant fleet
statistics, publishing periodic reports
on global and country-/owner-level
deadweight tonnage, 2024 data.

Coastal tourism

UNWTO. (n.d.). World Tourism Organization. Retrieved September 27, 2025, from
https://www.unwto.org/

WTTC. (n.d.). World Travel & Tourism Council. Retrieved September 27, 2025, from
https://wttc.org/

Estimates consolidate by international
organizations for 2024.

Coastal occupation

Sewage

Plastic

Our World in Data. (2025). Urban land area. Data adapted from Center for International
Earth Science Information Network (CIESIN) — NASA SEDAC Low Elevation Coastal
Zone (LECZ), via World Bank. Retrieved September 16, 2025, from https://
archive.ourworldindata.org/20250916-102301/grapher/urban-land-area.html [1]

United Nations Conference on Trade and Development (UNCTAD). (2025). Seaborne trade
statistics. UNCTAD Data Centre. Retrieved from https://unctadstat.unctad.org/datacentre/
dataviewer/US.SeaborneTrade [2]
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(EMR, seJ/US$) which serves to convert the emergy flow into
equivalent monetary value.

Unit Emergy Values (UEV) and Emergy Monetary Ratios
(EMR) are standardized according to the Brown and Ulgiati
(2016): Geobiosphere Emergy Baseline of 12.00 E + 24 seJ/year.
The UEV values used were obtained from Supplementary Material
provided by Giannetti et al. (2019) (Table 3). The EMR values are
from the National Environmental Accounting Database (NEAD),
which compiles detailed information for 172 countries/regions on
the full range of resources that underpin economies (NEAD r.d.).

All variables are explicitly defined in the corresponding sections
and tables. Detailed calculations and other methodological aspects
involved in data analysis are described in the Supplementary
Materials of this work.

3.6 Allocation criteria

The definition of the allocation criteria is crucial for assigning
responsibilities for the appropriation and preservation of ocean
resources. Different models provide various perspectives. The
Ecological Footprint adopts the consumer’s point of view, linking
resource flows to the country where final consumption happens,
regardless of their origin (Wackernagel and Rees, 1996).
Conversely, production accounting holds the direct producer re-
sponsible, linking flows to the territory where they occur, as seen in
the IPCC’s national emission inventories (2019).

The method introduces a third approach focused on the ocean
resource manager, assigning responsibility to the country or region
that explores, regulates, or neglects resource use, reflecting its
governance capacity. Activities like artisanal fishing, coastal tourism,
or plastic waste disposal are linked to the coastal area where control
and environmental impacts are concentrated. This aligns with
Costanza et al. (2014), emphasizing the integration of equity and
governance into ecosystem service management, making appropria-
tion and conservation responsibilities of local and regional actors.

Connecting flows to local management creates relevant indica-
tors for planning and policy, preventing the “export of impacts”
seen in consumption-based methods, where environmental impacts
shift from consumers to producers. However, challenges arise,
especially in developing countries with significant foreign invest-
ment like luxury tourism, where foreign actors may be blamed for
environmental pressures without having control over demand.

Managerial allocation can hide power imbalances and the influ-
ence of wealthy countries on resource exploitation, similar to ocean

TABLE 3 Unit emergy values.

Oil 6.84 E + 04
Water 6.55 E + 04
Organic matter 2.63E + 04
Natural resource consumption 222E+ 04
Fish 1.90 E + 06
Marine currents 142 E + 07

Values are expressed in scientific notation (seJ) following standard emergy accounting
conventions.
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grabbing (Bennett et al., 2015) or blue colonization, which echoes
land grabbing (Coscieme et al., 2018). Brazil illustrates this duality,
acting as both a resource buyer and seller to high-income investors.
Internal factors such as inequalities and corruption strongly influence
this dynamic (Coscieme et al., 2018; Bennett et al, 2015). In
developing areas, resource appropriation is often poorly regulated,
raising risks to sustainability and increasing inequalities.

Allocation based on the resource manager is an innovative and
normatively relevant alternative, as it emphasizes ecological sover-
eignty and territorial responsibility. However, its adoption requires
careful consideration of local socioeconomic conditions and poten-
tial ocean grabbing issues, so that the attribution of responsibilities
remains clear and is not distorted by dependency relationships or
economic colonization dynamics.

3.7 Comparative methodological notes

Ocean Footprint versus Ecological Footprint and Ocean
Health Index.

The methodological proposal for the Ocean Footprint (OF) inter-
acts with well-established indicators, including the Ecological Footprint
(EF) and the Ocean Health Index (OHI). However, it adopts a different
approach by combining biophysical flows into a single emergy-based
metric. The comparison with EF is especially relevant because both
methods aim to identify ecological limits through an “overload day.”
Nevertheless, while EF is limited to bio-regenerative flows measured in
global hectares, OF includes both renewable and non-renewable flows,
evaluated in terms of support energy (seJ). This broadens its systemic
scope and allows for the identification of the Marine Resource Balance
(ORBEM) and the Ocean Overshoot Day (OODay) as indicators of
human impact on the oceans (Table 4).

In a complementary way, the Ocean Health Index (OHI) provides
a multi-metric view of ocean health, integrating ecological, social, and
economic aspects. The index is widely used in international reporting
and public communication with the heterogeneous nature makes direct
comparisons in biophysical terms difficult. At this point, the OF serves
as a unified metric, enabling consistent energy analyses and the
territorial assignment of management responsibilities (Table 5).

In summary, while the EF and the OHI are valuable tools for
communication and monitoring of global trends, the OF is differ-
entiated by its integrated biophysical base, offering indicators
directly applicable to governance and the formulation of blue
economy/finance instruments. Thus, the three instruments are not
mutually exclusive, but complementary: EF provides a global
narrative of land resource boundaries, OHI translates the multidi-
mensional complexity of ocean health, and OF ensures the bio-
physical coherence necessary for sustainability-oriented decisions,
highlighting Ocean Overshoot Day (OODay) as a critical environ-
mental governance milestone.

4 Results and discussion: exploratory
application of the method

The application of the Ocean Footprint (OF), along with the
Ocean Carrying Capacity (OCC) and its derived indicators (ORBEM
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TABLE 4 Comparison between ecological footprint (EF) and ocean footprint (OF).

Aspect Ecological footprint (EF)

Unit of measurement Global hectares (gha)

Ocean footprint (OF)

Solar emjoules (se])

Bio productive areas are necessary to provide

What does it measure?
renewable resources and absorb waste.

Systemic energy balance between the emergy appropriated by ocean uses (fishing, oil,
navigation, coastal occupation, tourism, sewage and plastics) and the emergy from
services and resources of protected areas.

Earth Overshoot Day: date when global
demand exceeds the Earth’s regenerative
biocapacity.

Overload Day

Ocean Overshoot Day (OODay): date when human pressure on the oceans exceeds
protection efforts, generating an oceanic ecological deficit.

Considers only bio regenerable flows; it does
Scope of flows not explicitly include non-renewable resources

(oil, plastics, metals).

Integrates renewable and non-renewable flows, evaluated in emergy.

TABLE 5 Comparison between ocean health index (OHI) and ocean footprint (OF).

Aspect Ocean health index (OHI)

Nature of the metric
people want and expect from the ocean.

Multi-metric index (ecological, social and economic), expressed on a scale of 0-100.
Criteria defined by a team of scientists, economists and sociologists who analyzed what

Ocean footprint (OF)

Unified biophysical metric, expressed in
emergy (se]). Method based on the Theory
of HT. Odum.

Main purpose .
between countries.

Assess the health status of the oceans and monitor global trends; allows comparisons

Evaluate balances of use and protection of
marine resources, assigning territorial
management responsibilities.

Considers multiple objectives (food provision, artisanal fishing opportunities, natural

Integrates renewable and non-renewable

Scope products, carbon stock, coastal protection, livelihoods and economy, tourism and R . R )
R Lo . streams into a single physical unit.
recreation, sense of place, clean waters, and biodiversity).
A tool to support local governance, useful
Policy applicability Broad communication, focused on international reports and global comparisons. for public policies and blue economy/

finance instruments.

and OODay), requires a clear definition of the unit of analysis and
geographic scope, as ocean activities and pressures are influenced by
biophysical, economic, and social factors. In this article, case studies
were selected not as final objectives but as examples to demonstrate
the method’s applicability and diagnostic value. Representative exam-
ples from various oceans and hemispheres were chosen to ensure a
North-South balance, including countries at different stages of blue
economy development. Selection criteria included: (1) geographic
diversity to balance the Global North and South; (2) economic
relevance of sectors such as fisheries, oil, and tourism; (3) coastal
population density, indicating social pressure and risk; and (4)
observations on governance, management, and case specifics.

Table 6 summarizes the selected countries and regions, with justifica-
tions for their representativeness.

The diversity of cases selected allows us to examine different
contexts of ocean use and governance, from countries with significant
economic influence and high population pressures (China and the
USA), nations with extensive coastlines (Australia and Brazil), and even
an island that is a particularly vulnerable environment and relies heavily
on maritime resources (Sri Lanka). This comprehensive approach helps
verify the applicability of the method across multiple scales, balancing
global comparisons with territorial management responsibilities.

Detailed calculations are provided in the Supplementary Material,
including a step-by-step demonstration of the full computational

TABLE 6 Countries and regions selected as case studies for the application of the ocean footprint.

. Country/ Coastal .
Hemisphere ntry Blue economy . Observations
region population
South Atlantic South Brazil Medium/emerging ~60 million Large EEZ, emergent in ocean governance
high i

North Atlantic North USA Very .1g ftourism and >100 million Multi-oceanic, advanced management
recreation

North Pacific North China Very high/diversified ~600 million Increased global use of ocean resources

South Pacific South Australia High/tourism ~20 million Good management, huge EEZ
dependent

Indian North Sri Lanka Average/tourism ~9 million) Islafld; strong coastal de}af?ndence; high
dependent environmental vulnerability

EEZ stands for Exclusive Economic Zone.
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procedure for Brazil, together with methodological notes supporting
transparency and reproducibility. Calculations for the remaining
countries are available in the accompanying Excel files, enabling
independent verification and replication of results.

4.1 Ocean sustainability assessment for
Brazil

Table 7 relates the Ocean Carrying Capacity (OCC) of Brazilian
marine ecosystems to human pressures. National OCC is estimated
at 1.31E + 23 seJ/year, derived from marine protected areas (34%
seJ/se]) and the Exclusive Economic Zone (66% seJ/se]). Brazil’s
Ocean Footprint (OF) reaches 1.15 E + 24 se]/year, yielding an
overload factor of approximately 8.7, indicating that national
marine demand exceeds regenerative capacity by nearly one order
of magnitude.

Plastic pollution and offshore oil extraction dominate Brazil’s
OF, jointly accounting for about 96% of total emergy demand
(Tables 7, 8). In contrast, fisheries and aquaculture, maritime
transport, coastal tourism, coastal occupation, and sewage each
contribute less than 4% seJ/seJ, suggesting that traditional ocean
uses operate largely within regenerative limits. These results indi-
cate that Brazil’s oceanic overshoot is structurally driven by fossil
fuel dependence and inadequate waste management rather than by
food provisioning or transport services.

Table 8 reports Brazil’s Ocean Responsibility Balance in Emergy
(ORBEM) of -1.10 E + 24 se]/year, classifying the country as an

TABLE 7 Environmental accounting in the emergy of the appropriation of
ocean resources and national ocean carrying capacity for Brazil.

Relative
Percentual values
Emergy/ o
(sed/year) contribution/  (reference
% National
OoCC =1)
National
Ocean carrying capacity
Protected areas 442 E +22 34
Exclusive
X 8.65E + 22 66
Economic Zone
Total National
131 E + 2 1 1.
oce 3 +23 00 0
Ocean footprint
Maritime
9.39E+21 ~1 <0.1
transport
Sewage 6.77 E + 20 <1 <0.1
Fishi
ishing and 3.01E +21 <1 <0.1
aquaculture
Coastal tourism 2.05E + 21 <1 <0.1
Coastal
X 3.19E +22 ~3 0.2
occupation
Plastic 544 E + 23 48 4.2
Offshore oil 5.55E + 23 48 42
Total OF 1.I5E + 24 100

Values are expressed in scientific notation (seJ) following standard emergy accounting

conventions.
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ecological debtor. In monetary terms, this deficit corresponds to
approximately 730 billion emdollars (emUS$), or 33% of GDP,
indicating that biophysical costs associated with marine resource
use substantially exceed the economic benefits generated by ocean-
dependent sectors. Despite Brazil’s formally protected marine area,
current conservation efforts remain insufficient to offset pressures
arising from oil extraction and plastic leakage.

These findings suggest that improving Brazil’s ocean sustain-
ability performance requires structural reductions in emergy-inten-
sive activities, particularly offshore fossil fuel dependence and
plastic production, use, and disposal. Strengthening circular econ-
omy strategies, improving waste governance, and aligning financial
instruments with biophysical indicators such as OF and ORBEM
are essential to restoring balance between marine demand and
regenerative capacity.

4.2 Ocean sustainability benchmarking

Table 9 reports the Ocean Responsibility Balance in Emergy
(ORBEM), its ratio to GDP, and associated debtor/creditor classi-
fications, demonstrating the capacity of the Ocean Footprint
framework to differentiate marine sustainability performance
across countries while explicitly accounting for the role of Ocean
Carrying Capacity. Because ORBEM integrates oceanic demand
with protected marine biocapacity, it indicates whether conserva-
tion efforts are sufficient to offset national ocean pressures.

Results show that economic scale alone does not guarantee
marine sustainability. Although the United States has the world’s
largest GDP (US$ 29.2 trillion/year), it exhibits a substantial
ORBEM deficit (-2,921 billion emUS$/year, -10% of GDP), indi-
cating that current MPA coverage and mitigation efforts fall short of
compensating for its Ocean Footprint. China also presents a
negative ORBEM (-514 billion emUS$/year), but with a smaller
relative burden (-3% of GDP), suggesting that efficiency gains and
demand-side transitions may be more feasible pathways to balance
than large-scale spatial conservation alone.

Middle-income countries such as Brazil and Sri Lanka face
more critical relative imbalances, with ORBEM deficits equivalent
to -33% and -104% of GDP, respectively. These values reflect
structural vulnerability: high dependence on ocean-based activities
combined with limited fiscal space for conservation expansion and
sectoral transformation, reinforcing the need for international
cooperation and blue finance mechanisms.

Australia stands out as a creditor (+281 billion emUS$/year,
+16% of GDP), reflecting its extensive maritime jurisdiction, low
population density, and large MPA network. In this case, protected

TABLE 8 Balance of ocean responsibility in emergy for Brazil.

Balance
rotected Emer Dollar S
(p y . Classification
area — (sed/year) (in emUSS)
footprint)
Total National OCC | 131 E + 23 9.83E+10
Ocean Footprint 115E + 24 8.62E + 11
ORBEM -LI0E+24 | -730E+ 11 Debtor
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TABLE 9 Ocean responsibility balance in emergy (ORBEM), GDP, and relative ocean debit/credit (ORBEM/GDP) for Australia, Brazil, China, Sri Lanka, and
the United States (2024).

Country ORBEM (2024) Categories GDP (2024) Percentage
(- debit/+ credit) Billion USS/year ORBEM/GDP%
Billion emUSS/year

Australia + 281 Creditor 1,752 + 16

Brazil - 730 Debtor 2,180 =33

China - 514 Debtor 18,743 -3

Sri Lanka - 103 Debtor 99 - 104

USA - 2921 Super-Debtor 29,184 - 10

marine biocapacity exceeds national ocean demand, illustrating
how favorable biophysical endowments coupled with governance
capacity can generate ecological surplus rather than deficit.

Overall, the ORBEM/GDP ratio translates ecological imbalance
into a scale-adjusted economic metric directly interpreted by
policymakers. These percentages do not represent monetary debt
but rather the relative magnitude of conservation and mitigation
efforts required to restore balance between ocean demand and
protected marine biocapacity. The contrast across countries indi-
cates that sustainability pathways are context-dependent: large
maritime nations may rely more on spatial protection, whereas
densely populated or ocean-dependent economies must prioritize
footprint reduction and efficiency gains.

Following the ORBEM analysis, the Ocean Overshoot Calendar
(Figure 2) provides a time-based representation of marine sustain-
ability performance. National Ocean Overshoot Days indicate when
each country exhausts its domestically available renewable marine
biocapacity. Australia is the only country that does not enter
national overshoot in 2024, whereas the United States and China
reach overshoot earliest, followed by Brazil and Sri Lanka. This
ordering highlights how differences in maritime endowment and
governance shape sustainability outcomes independently of eco-
nomic scale.

Figure 2 also reports Global Ocean Overshoot Days, which
reinterpret each country’s per capita Ocean Footprint as the global

average demand and compare it against global ocean carrying
capacity. A striking inversion emerges between Australia and
China. Australia, although remaining outside national overshoot,
shifts deep into global overshoot when its high per capita demand is
scaled to the world population, indicating that its apparent sustain-
ability performance depends strongly on exceptional biophysical
endowments rather than intrinsically low ocean demand.
Conversely, China exhibits national overshoot due to limited
maritime territory relative to population size, yet remains within
global carrying capacity when its per capita footprint is extrapolated
worldwide, suggesting structurally constrained rather than con-
sumption-driven overshoot.

Beyond these cases, the dual calendar disentangles structural
endowment effects from behavioral and technological drivers of
marine pressure and highlights the temporal dimension of sustain-
ability: earlier overshoot dates imply stronger cumulative pressure
on marine systems, with implications for fisheries management,
coastal resilience, and blue economy planning. The juxtaposition of
national and global overshoot dates thus clarifies whether policy
priorities should focus on spatial conservation, demand-side inter-
ventions, or international burden-sharing mechanisms.

Figure 3 decomposes national Ocean Footprints into sectoral
drivers and compares them against Global Ocean Carrying
Capacity, enabling identification of the specific vectors underlying
each country’s overshoot pattern. For China, the globalized

China 0
. '/\-‘
Australia C} -
Brazil ’.\\ 6
Sri Lanka

USA

Calendar of Ocean Overshoot (2024)

9

No Overshoot

FIGURE 2

sustainability performance.

Jan ] Feb | Mar | Apr I May| Jun | Jul ’ Aug ‘ Sep’ Oct I Nov' Dec

Ocean overshoot calendar (2024) showing national and global ocean overshoot days (OOD). National OODays (flags) compare each country’s
Ocean Footprint with the National Ocean Carrying Capacity (OCC) of renewable marine resources within national jurisdiction. Global OODays (globe
symbols) represent the dates that would occur if the world population had the same per capita Ocean Footprint as each country and were
constrained by Global OCC, including both national waters and areas beyond national jurisdiction. Blue arrows highlight the inversion between
Australia and China when shifting from national to global perspectives, illustrating how domestic ecological balance may differ from global
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Sectoral composition of national ocean footprints compared with global ocean carrying capacity. Each country’s ocean footprint is decomposed
into major drivers, showing how different activities contribute to global-scale overshoot when national per capita patterns are extrapolated to the
world's population. The size of the spheres indicates the relative magnitude of each pressure (green sphere reflects the environmental load within
the global load capacity, while orange sphere shows load values exceeding the capacity) compared to the global load capacity (blue sphere= 1).

footprint remains below total global biocapacity, reinforcing the
interpretation that its national overshoot arises primarily from
territorial constraints rather than excessive per capita demand. In
contrast, Australia’s global overshoot is dominated by coastal
tourism, illustrating how service-based uses of marine systems
can drive pressure even in countries with favorable biophysi-
cal endowments.

Brazil’s footprint is largely driven by offshore oil extraction and
plastic waste emissions, indicating that its marine sustainability
challenge is rooted in fossil-based production chains and petro-
chemical material flows rather than fisheries or tourism intensity. A
similar extraction-driven pattern is observed in the United States,
reinforcing the inference that reliance on offshore hydrocarbons
structurally elevates national Ocean Footprints and limits the
feasibility of balance without systemic energy transitions. Sri
Lanka exhibits a distinct vulnerability profile, with plastic waste
leakage as a dominant driver, reflecting infrastructural and gover-
nance challenges in coastal waste management.

Beyond country-specific insights, Figure 3 demonstrates that
oceanic overshoot arises from heterogeneous sectoral configura-
tions rather than a single universal driver, implying that uniform
marine policy instruments are unlikely to be effective. Instead,
differentiated strategies are required: tourism management in
Australia, fossil energy transition in Brazil and the United States,
and circular economy and waste governance reforms in Brazil and
Sri Lanka. Together with the overshoot calendar, this sectoral
profiling strengthens the operational relevance of the Ocean
Footprint framework by linking aggregate sustainability diagnostics
to actionable policy domains.

4.3 Implications for governance and blue
economy/finance

Economic instruments offer an alternative to traditional “com-
mand and control” methods and can effectively complement these
strategies in natural resource management. The economic literature
indicates that market-based incentives generally foster greater
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environmental efficiency than solely regulatory policies by assigning
monetary values that influence resource-use decisions (OECD,
2016). In this context, blue finance is essential for directing capital
toward blue economy activities that promote responsible ocean
resource management. Unlike terrestrial territorial planning, which
is closely tied to private property rights, ocean planning within
EEZs falls under the direct jurisdiction of states, as marine resources
are regarded as a common good shared across various levels,
including municipalities, states, nations, and the international
community. As Yandle (2007) notes, governments allocate usage
rights within specific areas and establish property rights over certain
resources, creating a complex structure of rights with different time
horizons, spatial extents, and quantitative limits. Investors in
sustainable blue finance who adopt long-term perspectives need
objective, standardized metrics that accurately reflect the real
capacity of blue economy sectors. For example, while short
timeframes and high spatial flexibility influence activities like
fishing, which are often governed by command-and-control mea-
sures, the financial sector prefers indicators that assess cumulative
ecological risks and sustainability projections. In this regard, the
Ocean Footprint offers critical information through consistent
biophysical risk measurement, a scientific basis for valuation, and
transparent criteria for capital allocation. The Ocean Footprint can
thus improve the use of economic instruments (OECD, 2016) in
ocean management by:

i. Price-based instruments like taxes, fees, and user fees
should align with each activity’s Ocean Footprint. For
instance, tariffs for offshore oil, which has the largest
emergy share, can be adjusted proportionally to reduce
subsidies and market imbalances.

ii. Individually transferable quotas: This system lets partici-

pants hold and transfer a share of allowable use, like fishing

or tourism quotas based on biophysical ocean valuation.

Emergy adjusts quotas to match marine capacity.

ili. Subsides: Redirect subsidy policies to sectors offering higher

ecological benefits. If Ocean Footprint analysis shows
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plastic pollution’s impact, subsidies should target sanita-
tion, waste management, and circular technologies. This
improves public spending efficiency and reduces ecosys-
tem pressure.

iv. Payments for ecosystem services: The ORBEM identifies
countries or sectors with ecological deficits or surpluses.
Payments are guided by the effective biophysical deficit (in
emergy and monetized relative to GDP), enabling interven-
tions proportional to ecological commitment.

v. Biodiversity offsets are based on the polluter pay principle
and aim to balance biodiversity losses and gains when
impacts can’t be avoided. The OODay indicates appropriate
compensation levels by measuring the loss of carrying
capacity from economic activities.

Integrating the Ocean Footprint with financial instruments
creates a regulatory framework that guides blue finance based on
real ecological limits. Tools such as blue bonds, green loans, blended
finance, transition credit lines, and parametric insurance begin to
operate with clear criteria that reflect biophysical risks and deficits.
By pinpointing sectors responsible for the highest resource use, the
financial system can adjust interest rates, lending standards, risk
ratings, and collateral requirements according to actual ecological
impacts. Additionally, ORBEM and OODay (National and Global)
improve this approach by translating human pressures into mea-
sures of ecological deficit or surplus. A larger deficit signals a greater
risk of losing ecosystem services, thus increasing financial risk. This
allows banks, investors, and regulators to modify their portfolios,
discourage unsustainable projects, and prioritize initiatives that

10.3389/fevo.2026.1822223

reduce biophysical deficits, ultimately aligning the blue economy
with the ocean’s regenerative capacity.

4.4 The complementarity between ocean
footprint, ecological footprint, and ocean
health index

The relationship between society and the ocean involves com-
plex biophysical processes, patterns of use and consumption of
marine ecosystem services, and organizational and institutional
factors that influence resource management. Comparing the
Ocean Footprint, the Ecological Footprint, and the Ocean Health
Index (Tables 10-12) are valuable: these indicators measure differ-
ent but complementary aspects, providing a comprehensive view of
a country’s sustainability.

The Ocean Footprint is based entirely on a biophysical metric,
derived from the emerging balance between the carrying capacity of
marine ecosystems and society’s material demands. The indicator
directly measures the pressure on the ocean and how much
economies rely on marine resources. In the cases of per capita
demand for Australia, Brazil, Sri Lanka, and the United States, the
OODays results show an emerging deficit, indicating that the
pattern of ocean resource utilization exceeds the available global
biophysical capacity (Table 10). This imbalance is not visible in
methods that do not explicitly distinguish between marine and
terrestrial support capacity.

The Ecological Footprint, though biophysical, operates on a
different scale, based on terrestrial biocapacity in global hectares. It
assesses the balance between consumption and regenerative

TABLE 10 Ocean footprint, global ocean overshoot gay, and strength/weakness aspect for Australia, Brazil, China, Sri Lanka and USA.

Global ocean

Ocean footprint

overshoot day

Country (sed/per capita) (2024) Strength WWEELGESS
Australia 250 E + 15 June 1st Marine biocapacity Coastal tourism
Brazil 5.41E+15 March 11th Marine biocapacity Offshore oil and plastic waste
China 594E + 14 No overshoot Economic capacity Marine biocapacity (protected)
Sri Lanka 6.80 E + 15 January 25th Fishing and aquiculture Plastic waste
USA 1.24E + 16 January 31st Economic capacity Offshore oil

Global Ocean Overshoot Day calculation using the formula (1.04E + 14 se]/per capita/Ecological Footprint per capita) x 365.
Values are expressed in scientific notation (seJ) following standard emergy accounting conventions.

TABLE 11 Biocapacity, ecological footprint, debit/credit balance biocapacity and ecological footprint and earth overshoot day for Australia, Brazil,
China, Sri Lanka and USA.

Biocapacity Ecological Earth
(gha/per Footprint Balance Overshoot Day
Country capita) (gha/per capita) /gha/per capita)(-debit/+ credit) (2022)
Australia 12.3 7.3 +5.0 March 15th
Brazil 8.1 24 +5.7 August 13th
China 0.7 3.7 =29 May 26th
Sri Lanka 0.4 1.1 - 0.8 No overshoot
USA 3.8 7.9 - 4.1 March 9th

Data retrieved from https://data.footprintnetwork.org/#/. Earth Overshoot Day calculation using the formula (1.48 gha/per capita/Ecological Footprint per capita) x 365.
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TABLE 12 Ocean health index, highest score (strength) and lowest score (weakness) among the 10 goal goals for ocean ecosystems for Australia, Brazil,
China, Sri Lanka and USA.

Country OHI Strength Weakness
Score out of 100
(2024)
Australia 75 Livelihoods and economies Tourism and recreation
Brazil 70 Carbon storage Tourism and recreation
China 61 Livelihoods and economies Tourism and recreation
Sri Lanka 57 Artisanal fishing opportunities Tourism and recreation
USA 72 Natural products Tourism and recreation

Data are derived from the Ocean Health Index (Halpern et al., 2012; Ocean Health Index, 2024).

biocapacity, mainly land based. Countries like Australia and Brazil
with high terrestrial biocapacity (Table 11, see positive National
Balance) may have an ecological surplus despite ocean deficits
(Table 10, to see Global OODay). This shows ocean service use
isn’t proportional to the Ecological Footprint’s socioeconomic
measure. Australia has surpluses in land and sea (comparing
Ecological Footprint with national carrying capacity, respectively,
Table 11; Figure 2), indicating it biocapacity is sufficient for
consumption. The Ocean Footprint converts ocean credits into
monetary terms, aiding communication with managers and poli-
cymakers (Table 8).

The comparison between Tables 10, 11 reveals significant
differences in ecological assessments. Australia shows ecological
credit when assessed against their national biocapacity but present
overshoot when evaluated within a global context (observed both by
the Ocean Footprint and the Ecological Footprint). This is partic-
ularly evident in Australia, where per capita consumption appears
sustainable locally but is unsustainable compared to the global
average biocapacity. In Sri Lanka, while the sustainable use of
terrestrial resources results in no overshoot (Table 11) of the
Ecological Footprint, there is an ocean deficit due to significant
pressures on marine ecosystems (Table 10), primarily from plastic
pollution and intensive appropriation of marine services, a situation
only captured by the Ocean Footprint (see Figure 3). Conversely,
the United States exhibit concurrent deficits in both land and sea
dimensions, along with overshoot (Tables 10, 11), indicating a state

of structural unsustainability, which is particularly concerning
given the influence of the US economy on the global dynamic.

The Ocean Health Index (OHI) takes a unique approach that
considers not only ecological conditions but also management,
institutional organization, infrastructure, social benefits, and eco-
nomic opportunities related to the ocean. As a result, countries with
significant biophysical pressures can still achieve high OHI scores,
as seen with the United States (Table 12), where governance
capacity and institutional frameworks supporting the blue economy
boost performance. Additionally, the OHI emphasizes social per-
formance aspects that are not reflected in biophysical assessments.
Analysis of Table 12 shows that all countries evaluated have low
levels of tourism and recreation, key elements for ocean health that
were ignored by the Ecological Footprint, but which appear in the
Ocean Footprint for Australia (Table 10).

The integrated analysis highlights clear methodological com-
plementarities: (1) The Ocean Footprint measures the marine
biophysical surplus or deficit, pinpointing specific pressures on
ocean ecosystems (Table 10); (2) the Ecological Footprint shows the
overall ecological deficit related to total consumption, mainly driven
by land-based components (Table 11); and (3) the Ocean Health
Index assesses the social and ecological quality, management
effectiveness, and institutional capacity needed to sustain ocean
health (Table 12). Notably, the Ocean Footprint adds an important
biophysical aspect (the emergy balance between marine carrying
capacity and human demand) shedding light on deficits that are

TABLE 13 Comparison between representative marine/coastal emergy studies and the proposed ocean footprint framework.

System S : Polic
Y Main indicator(s) Analytical focus . y
boundary interface
i E 1
Vassallo et al. (2009) Coastal and marine Emergy indices co'system assessment and Coasta
ecosystems environmental performance management
Conservation
i Global coastal X X Assessment of coastal ecosystem planning and
Liu et al. (2021) Emergy accounting of ecosystem services . .
ecosystems services ecosystem service

management
Emergy-based
Marine resource 'gy . Resource use and sustainability Resource
Zhao et al. (2019) e sustainability K
utilization systems o evaluation management
indicators

National marine
jurisdictions and

This study blue economy

sectors

Ocean Footprint (OF), Ocean Carrying Capacity
(OCC), Ocean Responsibility Balance in Emergy
(ORBEM), and Ocean Overshoot Day (OODay)

Assessment of anthropogenic demand,
carrying capacity, responsibility
allocation, and ecological overshoot

Ocean governance
and blue finance
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hidden when only using the Ecological Footprint or OHI.
Combining these three indicators provides a comprehensive un-
derstanding of the society-ocean relationship, effectively linking
biophysical pressures, consumption patterns, and institutional
strengths. This more comprehensive approach improves the accu-
racy and depth of insights for guiding public policies and ocean
management strategies.

5 Final discussion and conclusions

This study introduces the Ocean Footprint (OF) as a new
emergy-based methodology for quantifying human appropriation
of marine ecosystem services in biophysical terms and directly
comparing ocean demand with regenerative capacity. By integrating
OF with Ocean Carrying Capacity (OCC), Ocean Overshoot Day
(OODay), and the Ocean Responsibility Balance in Emergy
(ORBEM), the framework provides a consistent, transparent, and
reproducible structure for diagnosing marine sustainability at
national and global scales.

Application to Australia, Brazil, China, Sri Lanka, and the
United States demonstrates the method’s discriminatory power
and analytical robustness. National Ocean Footprints exceed do-
mestic carrying capacity by factors of approximately three to nine in
Brazil, Sri Lanka, and the United States, while Australia remains
within national limits and China’s per capita demand stays within

10.3389/fevo.2026.1822223

global marine biocapacity. These contrasts show that OF distin-
guishes between territorial constraints, per capita demand patterns,
and sectoral pressure profiles in ways not captured by existing
ocean indicators.

ORBEM further operationalizes the framework by translating
biophysical imbalances into responsibility metrics expressed
in emergy and monetary equivalents. Ecological deficits, when
expressed as a percentage of GDP, provide an indication of
their relative burden on national economies, ranging from
moderate (China, 3% of GDP) to severe (USA, 10%; Brazil, 33%;
Sri Lanka, ~100%);, while Australia emerges as a creditor (16% of
GDP), confirming the method’s capacity to reveal both absolute and
relative sustainability asymmetries. OODay complements this di-
agnosis by converting overshoot into an intuitive temporal indica-
tor, enabling consistent comparison between national and global
sustainability performance.

The studies included in Table 13 are representative examples
selected to position the proposed framework within the marine and
coastal emergy literature and do not constitute an exhaustive review
of the field.

Recent studies have further extended emergy-based footprint
approaches to marine systems, particularly for assessing marine
ecological security at regional scales (Wang et al., 2023). While these
applications provide valuable insights into ecosystem pressure and
sustainability, they remain focused on local or regional contexts. In
contrast, the Ocean Footprint framework integrates anthropogenic
demand, marine natural capital, responsibility allocation, and
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overshoot use of
s Earth
& Resources
Ocean 3
Footprint = (1 0]
<z‘6 § (V) (1)
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N
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\ 4 S
@
o ¢
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Ecological

Jan 31st ‘ll%

Jun 1st

Overshoot
(Maximum)

FIGURE 4
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Biocapacity

Adopts a global responsibility perspective. Rather than evaluating whether countries remain within their own national ecological limits, the analysis
examines the hypothetical overshoot dates that would occur if the entire world population consumed resources according to the average patterns
observed in each country. This approach allows comparison of the global sustainability implications of different national development and

consumption profiles.
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overshoot assessment within a national-scale analytical framework
designed to support ocean governance and blue finance.

The managerial perspective adopted in this study differs from
both production-based and consumption-based accounting ap-
proaches. Under a production-based perspective, responsibility
for environmental pressures is assigned to the country where
extraction or emissions occur. Under a consumption-based per-
spective, responsibility is transferred to the final consumers of
goods and services. In contrast, the managerial perspective associ-
ates responsibility with the governance system that regulates access
to, manages, and conserves marine resources within national
jurisdictions. For example, offshore oil extraction contributes to
the Ocean Footprint of the country responsible for authorizing and
managing extraction activities, regardless of the ultimate destina-
tion of the resource. Similarly, marine pollution reflects pressures
occurring within the management domain of national institutions.
This perspective emphasizes stewardship and governance respon-
sibilities, complementing traditional accounting approaches and
supporting policy design in the context of ocean governance and
blue finance.

Sectoral decomposition of the Ocean Footprint consistently
identifies offshore oil extraction and plastic pollution as dominant
drivers of overshoot, often exceeding the combined impacts of
fisheries, tourism, and maritime transport. This demonstrates the
framework’s usefulness for isolating structural pressure vectors and
supporting targeted sustainability diagnostics.

Overall, the Ocean Footprint framework enhances the assess-
ment of ocean sustainability by providing a biophysically grounded,
internally consistent, and operational methodology that comple-
ments existing tools such as the Ecological Footprint and the Ocean
Health Index. Figure 4 presents the countries studied positioned
according to their Earth and Ocean Overshoot status (data from
Tables 10, 11). The figure allows for a more complete view of the
state of Earth’s sustainability by combining the Global Overshoot
Day of the ecological footprint and the ocean footprint. The results
suggest that the synergy of the ecological footprint and ocean
footprint methods, in contrasting socio-ecological contexts, can
be used synergistically to measure, compare, and monitor global
terrestrial sustainability.

The study is subject to limitations related to data availability,
temporal consistency, and the assumptions inherent to emergy
accounting. Because ocean-related datasets are produced by differ-
ent institutions and reporting systems, complete temporal harmo-
nization was not feasible. Consequently, the most recent and
reliable information available for each component was used.
Although this may introduce some uncertainty into the estimates,
the framework is intended primarily as a comparative and meth-
odological tool for assessing patterns of ocean sustainability and
resource appropriation. Future studies may improve temporal
consistency as more comprehensive and synchronized datasets
become available.

However, the study is subject to limitations related to data
availability and the assumptions inherent to emergy accounting,
which may influence the precision of estimates. Future research
may expand the application of the proposed framework to different

Frontiers in Ecology and Evolution

15

10.3389/fevo.2026.1822223

spatial scales, improve the representation of ecosystem services, and
further explore its integration with policy and financial decision-
making processes.
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