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Operating within safe and just Earth system boundaries requires mobilizing
key actors across scale to set targets and take actions accordingly. Robust,
transparent and fair cross-scale translation methods are essential to help
navigate through the multiple steps of scientific and normative judgements
intranslation, with clear awareness of associated assumptions, bias and
uncertainties. Here, through literature review and expert elicitation, we
identify commonly used sharing approaches, illustrate ten principles of
translation and present a protocol involving key building blocks and control
steps in translation. We pay particular attention to businesses and cities, two
understudied but critical actors to bring on board.

Earth system boundaries (ESBs) define safe and just guardrails for
climate, the terrestrial biosphere, freshwater, nutrients and air pol-
lution to maintain a functioning Earth system without incurring
significant harm to people'. ESBs demarcate the upper limits in the
aggregated environmental pressures arising from anthropogenic
activities?”, including those in the pursuit of aspirational goals such
as the UN Sustainable Development Goals. Respecting ESBs requires

concerted actions from diverse actors®, for example, states, cities
and businesses, based on a clear and shared understanding of their
fair share of resources and responsibilities”®. This means that ESBs
need to be translated for actors, which can then inform actors’ target
setting in ways that consider capacity, responsibility and equity and
thatinvolve co-designbetween science and other stakeholders. Cities
and businesses are particularly important actors due to their global
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connectivity, the magnitude of theirimpact and the potential of their
agency®.

Diverse actors are developing science-based targets and methods
to do so to respect ESBs" ™. Yet critical questions remain. How much
action by cities and businesses is required to achieve global goals?
What is the fair share of efforts that should be expended by individual
cities and businesses to respect the ESBs, with due considerations of
their current and historical responsibility, socioecological context
and capacity'"?

Cross-scale translationisinherently acomplex process involving
multiple steps, normative judgements and uncertainties'*" arising
fromthe needto account for biophysical, socioeconomic, ethicaland
cultural dimensions®. There is a rich literature on cross-scale transla-
tion of planetary boundaries and climate targets to nations, but there
ismuchless work on translations to cities and companies despite their
potential to reduce significant pressures on climate, biodiversity and
natural resources®®. Furthermore, much cross-scale translation shies
away from exploring the ethical and operational consequences of
adopted allocation methods. While many cities and businesses have
already adopted science-based targets or other forms of targets for
climate’, more widespread uptake of target setting beyond climate
change is often hampered by these challenges. Scientifically robust
and socially equitable cross-scale translation, a process for allocat-
ing globally and regionally aggregated resources, benefits, risks and
responsibilities to different actors is needed.

In this Review, we aim to provide clarity on the steps and choices
involved in a scientifically rigorous translation of ESBs to businesses
and cities. We review literature on cross-scale translation (Supple-
mentary Information 1) to identify emerging sharing approaches and
see how they are applied in translation across domains and actors.
Our transdisciplinary review draws on translation of global frame-
works, including the planetary boundaries®*, carbon budgets* > and
global biodiversity footprints; likewise, our results are applicable to
these and other frameworks beyond ESBs. From this review, and viaa
structured expert deliberation (Supplementary Information 2), we
identify ten general principles underpinning the translation process.
We then put forward key building blocks of cross-scale translation
and a detailed protocol for cross-scale translation of each ESB. We
end by discussing the remaining constraints and possible ways of
overcoming them.

Sharing approachesin translation

The 2009 publication of planetary boundaries framework' stimu-
lated efforts to allocate shares of a global ‘safe operating space’ to
actors operating at different scales’. This process is what we term
cross-scale translation, and it can follow top-down*?, bottom-up®
or combined approaches®*. Top-down allocation, also called the
‘fair shares’ approach®, involves apportioning global budgets to
national, sub-national, sectoral and individual business scales. Cli-
mate is the Earth system domain with the most translation applica-
tions (for example, ref. 31), which present myriad ways of sharing
the global carbon budget accounting for different equity and fair-
ness considerations**'*?>%, There are also efforts to adapt the plan-
etary boundary frameworks to the national or regional scale using a
bottom-up approach. Abottom-up approachinvolves determination
of asub-global or local safe operating space and is typically based on
nationally orlocally relevant variables and boundary values**suchas
determining basin-scale environmental water-flow requirements®**°.
One example is the assessment of boundaries for South Africa based
on 20 nationally relevant environmental and social indicators®. Other
studies have aggregated environmental pressures at a lower scale
(industries) to produce environmental pressures at a higher scale
(sub-national or national)®. Ultimately, a cross-check is necessary
to determine whether bottom-up-derived local goals are ambitious
enough to meet global goals. The combined approach utilizes both

top-down and bottom-up approaches and suggests ways to reconcile
differences in the values obtained™°.

Our literature review focuses on emerging literature on sharing
approaches used within a top-down allocation, which represents the
majority of work on cross-scale translations®”***"**3* We reviewed the
scope, scaleand sharing approaches used in40 suchstudies (Fig.1, Sup-
plementary Information and Supplementary Table 1). Most translate
tosupra-national®**>*¢, national®***, sectoral®***'and product**
levels. One city-scale study focused on consumption footprints of
the most populous 62 cities in the Middle East and North Africa®.
Another made cross-scale translations of responsibilities for manag-
ing territorial and global environmental concerns to municipalities
in Spain®’. The three studies of translation to companies comprise
afood portfolio of a retail company in France®®, a utility company
in Denmark®® and six companies in Spain®. In terms of scope, most
studies focus on climate??>>52736-4244-545759-6¢ fg]lowed by freshwa-
ter35739,41747,50752,§4,56,57,59764, nutl’ient Cycle527,35748,5()752,5455,57,39,6(),62768 and
the land system?® #04244-4750-52,54,5759-66.69 'while fewer studies focus
on biOdiVerSity36,40,42,4b,51,52,54,58,59,66’ OceanS27,40,45—47,50,51,59,63—65 and the
atmosphere (beyond climate)”***'. Some of these studies focus on
only one boundary?'?2%>264953:55563867-69 ywhjle others focus on multiple
boundarie527,35748,50752,54,57,59766.

We have identified 11 sharing approaches used in cross-scale
translation: legaCy21'22'27'35'42'43'4()_51'53_5()'58'63'6(), responSibility25'35'40'42'66,
sovereignty®®, economic contribution-735#443474931533556 'gqcjal con-
tribution®, resource efficiency®®, capability>2%*>%¢ basic needs
and pref’erenCe521,27,35,42,44,46,48,50,52,53,55,58,59’ equality22,25,27,35752,57762,64767,69’
green incentive*® and development rights®*° (Table 1). Some of these
approaches represent strong temporal perspectives. For example,
legacy and responsibility could represent backward-looking perspec-
tives, capability is focused on the current situation while equality and
basic needs can be interpreted as forward looking (Fig. 1). The most
commonly applied sharing approaches are equity, legacy, basic needs
and preferences, and economic contributions.

Figure 2 shows four ways these sharing approaches are applied:

« Asinglesharingapproachapplied toasinglescale. Thisapproach
allocates directly to the endpoint scale of translation. There are
numerous examples where astand-alone sharing approachis used
to allocate national shares, utilizing, for example, the equality
(for example, refs. 36,37,61,65,67), legacy (for example, ref. 44),
basicneeds and preferences (for example, refs. 44,50), capability
(forexample, ref. 66) and responsibility (for example, refs. 65,66)
sharing approaches.

» Asingle sharing approach applied across multiple scales. This
approach allocates initially to intermediate scales before final
allocationto the endpoint scale. One study used legacy (grandfa-
thering) (enacted using climate impacts via CO,-equivalent emis-
sions) to allocate aglobal carbon budget across multiple scales, to
agri-food sectors globally and then at national (New Zealand) scale
through to agri-food industries within the country®.

« Multiple sharing approaches appliedjointly at asingle scale. This
approachinvolves utilization of at least two sharing approachesin
combination to allocate from one scale to another. For example,
social contribution through an employment indicator and eco-
nomic contribution throughthe gross domestic productindicator
havebeenjointly applied toallocate a carbon budget from national
toindustry scale®.

» Multiplesharing approaches applied across multiple scales. This
approach usesaunique sharingapproach for each cross-scale allo-
cation, thus going through one or several intermediate scales***.
For example, one study applied equality in translating from the
global to the national scale, followed by the use of an economic
contribution sharing approach enacted via gross value added in
the translation from the national to the industry scale®.
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Fig.1| The scope, scale and sharing approaches in cross-scale translation.
The horizontal axis shows sharing approaches as applied in 40 translation studies
cross-tabulated against biophysically defined boundaries on the vertical axis.
The asterisks indicate transgressed boundaries at the global level**°, Boundaries
for biosphere integrity, land-system change, freshwater use, nitrogen and
phosphorus cycles and atmospheric aerosol loading are sub-global. The numbers
ineach coloured circle indicate the number of studies that applied the relevant
sharing approach (as astand-alone or as part of abundle) for the particular

Current Forward looking

boundary and categorized by the relevant scale of translation (intermediate

or endscale) for that step. The legend shows the endpoint scale of translation
and its respective number of studies. The sharing principles are positioned on a
sliding scale of inherent temporal perspectives. The total number of studies per
boundary or per sharing approach exceeds 40 because many studies translate
for multiple boundaries utilizing bundles of sharing approaches (Supplementary
Table1).

Note that the frequency of application is not an indication of
the ‘appropriateness’ of a translation as the choice among sharing
approaches may be affected by many factors, including data availabil-
ity, practicality and the perceptions of fairness of those conducting
the analysis™. For example, as the application of sharing approaches
depends on data availability at the requisite scale, there is a risk that
scholars and practitioners may prioritize sharing approaches for which
data exist or simply use approaches that are already widely used (the
authors of the 40 studies are overwhelmingly from the Global North)
over sharing approaches that could lead to more suitable or equitable
translations. Although these are pragmatic decisions of ayoungresearch
field in the short term, they should not be perpetuated into practice
without clear understanding of the assumptions and limitations. Thereis
aneedtoestablish clear principles, guidelines and inbuilt transparency
onassumptions. With this goalin mind, we have developed basic princi-
plesandaprotocol to help support choices for cross-scale translation.

Ten principles of translation

We present ten principles for translation identified through a struc-
tured expertdeliberation (Fig.3). These principlesrelate to the process
(1-4), the outcome as translated shares and targets (7-10) or both (5
and 6) of cross-scale translation.

Principles1and2 pointto the need for consistent and reproducible
approaches with scientific rigour, ideally based on well-established,
peer-reviewed literature that also reflects perspectives from the Global
South. Translation also needs to transparently provide justifications for
important operational decisions and explain sources of uncertainty.
These two principles provide foundations needed for granting scientific
legitimacy to the translation process, especially regarding decisions
that are necessarily subjective. Crucially, the principle of transpar-
ency calls for a very explicit consideration of the normative positions
(for example, the rationale for allocation and adjustments, who is pro-
posingitand why), aswellas transparency inthe procedure of allocation.

Relatedly, Principle 3 emphasizes the need to consider how normative
decisions regarding allocation and adjustments have justice implica-
tions. It stipulates that the trade-offs in distribution of resources and
risks, across geographicallocations or between current and future gen-
erations, need to be considered’. Principle 4 calls for systems thinking
in the translation process as well as the allocation outcomes. Interac-
tions between Earth system domains need to be considered because
several pressure points can combine to produce larger effects, and
actions that take place inone location can have consequences at differ-
entscales’. Forexample, adecision to clear some forests in the Amazon
basin should consider its impact on local biodiversity due to habitat
fragmentation (biosphere: natural ecosystem area ESB) and rainfall
patterns in Brazil and beyond”'. Among the important system attrib-
utes are metacouplings’, with cities and companies benefiting from
and influencing ecosystems and their services locally and globally'*”>,

Principle 5 states that the translation process and allocation out-
comesshoulderrontheside of stringencyinline withthe general precau-
tionary principle. This would imply factoring in anappropriate bufferin
thestartingbudget, adjustment ranges or the allocated shares or respon-
sibilities'. Principle 6, related to context sensitivity, suggests that local
conditions should be used as inputs for the allocation and adjustment
step(s). Conditions for different cities and companies vary drastically
inenvironmental, demographic, social, economic and political dimen-
sions, and these differences are often very relevant for determining an
equitable allocation of shares of resources and responsibilities.

Fulfilling Principles 3 and 6 may require the introduction of an
additional adjustment step to the allocation procedure, where initially
allocated shares are redistributed on the basis of additional sharing
approaches. For example, a‘capability’ approach would focus on allo-
cating shares toreduce current and future environmental impacts on
the basis of the capacity to take action, while ‘responsibility’ would
account for historical environmental impacts generated by different
entities.
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Table 1| The 11 sharing approaches in cross-scale translation and their enacting metrics

Sharing approach

Description

Example of enacting metrics

Legacy

Shares are in proportion to current or historical entitlements, ecological
impacts or environmental footprints generated by the entity (also referred to as
grandfathering).

Consumption footprints, production footprints,
product footprints

Responsibility

Shares are allocated by accounting for cumulative impacts and emissions
or environmental footprints over time (that is, historical debt of individuals,
nations, cities, sectors, businesses).

Historical pollution discharges, emissions or land
clearing; renewable energy installation

Sovereignty

Shares are in proportion to the current stocks and flows of natural capital in
possession within territorial boundaries.

Cropping land and plantations; renewable and
non-renewable resource stocks; ecosystem
biocapacity

Economic contribution

Shares are allocated in proportion to the current economic contribution of the
country, sector, industry or company, for example, measured in contribution to
gross domestic product.

Gross value added or gross domestic product;
company or sectoral production volume; company
operating revenues

Social contribution

Shares are allocated in proportion to the current contribution of the sector,
industry or company to communities and wider society, for example, measured
in numbers of people employed.

Number of full-time-equivalent employees;
expenditure on wages and salaries; financial
contribution to community programmes; taxes paid

Resource efficiency

Shares are determined for countries (or sub-national regions) on the basis
of their current resource use efficiency relative to the global average level,
benefiting those with higher efficiency, or where the largest efficiency gains
can be expected.

Resource use per area of land, product, service or
economic output

Capability

Shares are allocated by accounting for the ability of an actor to take actions
based on relative capabilities as a basis, for example, through financial means.

Wealth; governance effectiveness; renewable energy
growth capacity; regenerative agriculture capacity

Basic needs and

Shares are allocated such that fulfilment of human basic needs comes first,

Nutrient and water required to grow regionally

preferences before distributing the rest of the resources to other non-basic needs. suitable staple food; calorific content of food; food
nutrient adequacy
Equality Shares are in proportion to population size of the country, region or city. Population (per capita); total output (per dollar of

output); disposable income (per dollar of income)

Green incentive (merit)

Shares are allocated in a manner that incentivizes or rewards companies with
low emission intensity or higher shares of renewable energy use.

Emission intensity; share of renewable energy
in energy input mix; voluntary environmental
sustainability activities or programmes

Development rights

Shares are allocated by accounting for the socioeconomic context of the
country, in particular, the resources required to lift people out of poverty in the

Poverty rate; development level; other socioeconomic
indicators

future.

Sharing approaches are enacted by metrics and datasets, harmonized at the appropriate scales to ensure consistency (for example, countries, sub-national, cities, industrial sectors and
businesses). While some sharing approaches have been interpreted as being related to one another”, we list them separately here to clarify their meaning and intended usage in cross-scale

translation.
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Fig.2| A typology of cross-scale translation as revealed from combinations of
sharing approaches applied at asingle scale or across multiple scales.

a,b, Astand-alone sharing approach, x, applied to a single scale, S, (a) or across
multiple scales, S;;, S and S, (b). ¢,d, A mix of sharing approaches, xandy, applied
jointly atasingle scale, S, (c) or sequentially across multiple scales, S;and S,
(d).S,and S, represent start and end scales, respectively, and S;;, S, and S;

indicate intermediate scales.

Principle 7 isabout communication and implementation, stipu-
lating that the outcomes of translation should be simple enough to
allow understanding and universal enough to allow for alignment and

decision-making under different local contexts. Principle 8 suggests
that the outcomes of translation and subsequent targets are set in
such away thatincentivizes actors to raise their level of ambition for
sustainability. As staying within ESBs is a long-term process, incen-
tives are needed to inspire actors to make persistent efforts through-
out, tobecome ‘pioneers’and to help ‘laggards’ to catch up. Principle
9 highlights the importance of time-bound translation and target
setting and specifying a priori how the allocated shares and targets
canbeupdatedinarigorous manner toreflect progress in scientific
understanding and the evolving socioeconomic and environmental
context. Finally, Principle 10 stresses the need to maximize synergies
among targets and minimize trade-offs such as negative externali-
ties and to ensure that disruptive and exploitative power dynamics
are avoided. For example, cities and companies typically set targets
separately, but alignment is needed'. As synergies and trade-offs
are very common, nexus approaches that connect various targets,
associated influencing factors and effective governance structures
are particularly promising to help operationalize this principle™
and ensure actors are held accountable for negative externalities
even if unintended.

Key building blocks linking ESBs to actors
Building on previous work*”, Fig. 4 presents key building blocks of
cross-scale translation and subsequent target setting.

Transcription
ESBs are based on the state of Earth system functions, related to global
warming (climate), aerosol optical depth (atmosphere), hydrological

Nature Sustainability


http://www.nature.com/natsustain

Review article

https://doi.org/10.1038/s41893-023-01255-w

P1 Scientifically rigorous

The approach/application is
consistent, quantitative and
evidence based, with
reproducible quantitative
outcomes. It includes clear
description of the methodologi-
cal steps, an account of key
underlying assumptions and
remaining sources of uncertainty.

P3 Just

The approach/application
incorporates elements of
intergenerational and
intragenerational equity
implemented as adjustment(s) to
initially allocated shares and
considers the potential negative
implications of translated targets
on key societal goals (for
example, Sustainable
Development Goals).

Translation process

P2 Transparent

The approach/application clearly
and sufficiently explains the
rationale for allocations, being
explicit about underlying
assumptions and normative
considerations.

In addition, the data used are
accessible to other interested
parties.

P4 Systemic

The approach/application
considers potential
consequences on other parts

of the Earth system arising from
setting specific targets
specifically focused on one part.
It also considers teleconnections/
telecouplings that have potential
for unintended negative
consequences on key societal
goals (for example, Sustainable
Development Goals).

P5 Sufficiently safe

The approach/application and
the outcomes include some
buffers in the allocated shares or
responsibilities, as an additional
level of stringency.

P6 Context sensitive

The approach/application and
the outcomes take into account
environmental and socioeconom-
ic context. While the aim is to
foster global alignment, it allows
for locally devised strategies/ac-
tions (it is not overly prescrip-
tive).

P7 Enabling

Targets are (1) universal enough
for alignment yet allow local
decision-making, (2) pragmatic
for implementation (feasible
measurement and controllability)
and (3) simple enough to
facilitate communication and
understanding by different
stakeholders.

P9 Dynamic and time bound
Targets are time bound but also
able to reflect the dynamic
nature of ‘safe and just’
operating space and its context.
This includes the possibility of
updating/adjusting targets in
response to the

development of the underlying
Earth systems science.

Translated shares and targets

P8 Incentivizing

Targets are presented in a
manner that incentivizes action
by actors under different
circumstances. Specifically,
those actors who are ‘pioneers’
are emboldened to set more
ambitious targets, while
‘laggards’ have suitable
pathways to catch up.

P10 Synergetic

Targets are set so that

potential co-benefits in other
Earth Commission domains, as
well as societal goals (for example,
Sustainable Development Goals),
are recognized and amplified.
Conversely, targets are set so
that potential negative
externalities and unjust power
imbalances are avoided.

Fig. 3| Ten principles of translation. Principles (P) 1, 2,3 and 4 are on translation processes, Principles 7,8, 9 and 10 are on translated shares and targets, with Principles

5and 6 onboth.

flow alteration (surface water) and the rate of resource renewal (ground-
water), area of natural and semi-natural ecosystems (terrestrial bio-
sphere), and nutrient concentrations or surplus (nutrient cycles)".
To operationalize ESBs, these boundaries need to be linked to anthro-
pogenic pressures*. Generally, this is done by expressing maximum
quantities of pollutants and resource uses (for example, inkg yr?) that
canthenbe partitioned and distributed to, and managed by, cities and
businesses. This process of attributing the links of the boundary quanti-
ties to the pressure indicators is what we call transcription. The tran-
scribed anthropogenic pressures we refer to as Earth system budgets’.

Allocation

Allocating transcribed Earth system budgets to actors involves a
two-step process: scaling and adjustment, each involving appropri-
ate sharing approaches. Scaling distributes the Earth system budget
across scales relevant to the actor, and it may involve sequential
distribution from one scale (for example, global) to intermediate
scale(s) (for example, country, industry) through to the endpointscale
(for example, cities or businesses). For most ESBs, the budget-scaling
step will be a form of downscaling, but for ESBs constructed at afiner
scale, for example, grid-based boundaries (biosphere: functional integ-
rity), the process canbe aform of upscaling. Itisimportant to consider
within what geographical extent such scaling and subsequent adjust-
ment should take place (Box 1).

The adjustment step re-distributes the initial shares resulting
from scalingamongactors within the same scale, to account for equity
considerations (Principle 3) and differencesin their social, ecological
and economic contexts (Principle 6). For example, one possible way
of adjusting resource allocation among a group of citiesis to develop
atypology based on their socioeconomic and ecological context and
use the typology to produce city-specific adjustment factors that can
then be applied to their initially allocated budget.

Both the scaling and adjustment steps can occur multiple times
and can utilize bundles of sharing approachesinline with the reviewed
literature. For example, an initial allocation can be calculated to the
minimal unit (for example, individual person, land unit, economic
output unit) appropriate for the ESB, then aggregating this per unit
budgetup to the intermediate or endpointscale***>**, Adjustments can
be made at eachscale®. Different combinations of sharing approaches

canbeappliedinthese steps, reflecting different values of what is con-
sidered equitable and fair. Theresult of allocationis aset of translated
shares of the Earth system budgets to actors, underpinned by a scien-
tifically robust (Principle 1), transparent (Principle 2), just (Principle 3)
and context-sensitive (Principle 6) process.

Target setting and alignment checking

Thetranslated shares can be used toinform target settings by different
actors, as well as benchmarking against individual actor’s current or
future impacts. All actors generating environmental impacts should
setappropriate science-based targets forimpact reduction™. For actors
who already have targetsin place, benchmarking caninform whether
their targets are ambitious enough to remain within their share of the
ESBs. Alignment checkingis the procedure to ensure individual targets
adhereand alignwith their translated share or that, in aggregate, targets
adhere and align with the ESBs. Although outside of the direct scope
of cross-scale translation, these steps are crucial for operationalizing
ESBs and ensuring accountabilities (Fig. 4).

A protocol for translation

In pursuit of stronger consensus, transparency and comparability in
terms of how cross-scale translation is conducted, here we present a
protocol of translation that incorporates several key decision points
on the basis of three physical properties of the boundaries*:: spatial
construct, current state and regenerative nature; temporal perspective
and suitability of sharing approaches; and enacting metrics and data.

Spatial construct of the boundary

The spatial construct of the boundary is the first key decision point,
determining how allocation proceeds following transcription. The
transcribed budgets for globally constructed boundaries (for example,
climate change) can be downscaled to sub-global actors or intermedi-
atescales through cross-scale allocation; (bio)regionally constructed
boundaries, including those defined at the local scale (for example,
nutrient cycles), basin scale (for example, surface water, ground-
water), biome scale (for example, forest cover) and ecoregion scale
(for example, natural ecosystem area) are either upscaled or down-
scaled asrequired, and grid-based boundaries (for example, biosphere
functional integrity) are aggregated to actor scales.
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Fig. 4| Key building blocks in connecting ESBs to actors and the applicable
ten principles of translation. Cross-scale translation comprises sequential
processes of transcription and allocation to derive translated shares for
individual actors. Transcription converts ESBs into indicators of anthropogenic
pressures in units that are used by actors to measure their impacts.

The transcribed ESBs are then allocated to actors via the application of different
sharing approaches (Table 1) as appropriate. Translated shares can be used

for target setting, informed by the actor’simpacts and capacity for action, or
benchmarking againstimpacts or for alignment checking.

BOX1

Bioregional versus global citizen’s

perspective

Translating ESBs with regionally defined pressures and/or states
can be done within two different system boundaries—sharing within
the region or taking a global citizen’s perspective. For example, the
ESB for surface water resources has a global boundary (the global
total withdrawable amount of surface water) as well as regional

or local boundaries (a basin total withdrawable amount that does
not exceed 20% of average flow)"®. Given the strong regional
characteristics of water resources, a bioregional approach (sharing
local boundaries among the people and economic activities within
the basin) would seem reasonable, which can also ensure that the
global boundary is met™.

However, a bioregional approach alone is insufficient and needs

to be complemented by a global citizen’s perspective (sharing the
global total budget for anthropogenic consumption across the world
population equally and using it as a reference point for benchmarking
or further adjustment based on context or capacity). A bioregional
approach towards resource sharing rewards those with natural
endowment (a country or city located in a resource-abundant region
with a comparatively small population) while penalizing those located
in water-stressed regions and/or those with high population. This
approach may also produce an unintended loophole as the globally

State of the boundary

The status of the ESB"* is the next decision point as it determines
whether there is Earth system budget to share or Earth system deficit
responsibility to allocate. For ESBs that have not yet beentransgressed,
allowable aggregated pressures can be allocated. For ESBs that have
already been transgressed, associated mitigation and abatement
responsibilities need to be allocated.

» Forthe climate boundary (globally constructed), it is well estab-
lished that we are on a pathway to transgressing a 1.5 °C level of
global warming within the next ten years without drastic reduc-
tions in GHG emissions’®. While the 1.5 °C boundary has not yet
been exceeded, current emissions far exceed the annual carbon

connected production and consumption system means a region can
shift its environmental burden elsewhere (compensate for its high
water consumption through embodied water without breaching its
local boundary)®.

Similarly, a bioregional approach is inappropriate when it comes

to sharing responsibilities. For example, regions that are rich in
biodiversity are often concentrated in the Global South and often
include territories owned/managed by indigenous communities.

A bioregional approach in meeting the natural ecosystem area

goal may place the entire burden on local communities and
stakeholders®® while the benefit is shared globally. In such a case,

a globally shared responsibility, considering factors such as current
needs and rights®>?, historical responsibilities®®**° and telecoupled
system impacts®®, would be much more appropriate. Beneficiaries
of ecosystem services should financially contribute towards
investments in ecosystem protection and restoration via mechanisms
such as payments for ecosystem services, biodiversity-related taxes,
fees and charges”'. Therefore, translating through a bioregional
approach needs to be accompanied, benchmarked or adjusted

by a global citizen’s approach to inform target setting and policy
development. Actors should strive to adopt the more stringent target.

budget transcribed to the boundary. Accordingly, the focus would
be on burden sharing (allocation of reductions responsibilities),
rather than distributing diminishing resource budgets.

« For (bio)regional boundaries, transgression is assessed at the
scale of each boundary construct, with actors’ impacts possible
from both within and outside of the region. When the boundary
isdefined as spatially discrete, restorationin one region does not
offset degradation in another, regardless of the similarities in
ecosystem services, for example, biosphere boundaries based
on unique ecoregions, nutrient cycle boundaries based on water
quality criteria connected to nutrient flows from agricultural
lands, and freshwater boundaries based on annual groundwater
rechargerates, environmental flow criteria or monthly flow altera-
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tion allowances. Transgression status is assessed per region but
impacts (and actions) can be assessed at smaller or larger scales.
Withthe surface water boundary assessed monthly, transgression
might occurinevery or only some months of the year.

« Forboundaries where transgressionis assessed onagrid-by-grid
basis, there could be both transgressed and non-transgressed
gridswithinthe territorialboundaries of nations or cities, or within
the spatial range ofimpacts from businesses, located either within
oroutside of the given grid.

ESB transgression status also informs the choices regarding tem-
poral. Backward-looking sharing approaches are appropriate for allo-
cating the reduction space of transgressed boundaries as they account
for actors’ past impacts and degree of responsibility for the current
state of transgression. Returning to the safe space also entails sharing
resources in the face of a collective need to reduce impacts. For this
reason, forward-looking sharing approaches are also appropriate as
they account for the different development rights or needs of actors
to the resource, as well as the capabilities of actors to take action in
reduction, restoration and regeneration. However, when ESBs are not
(yet) transgressed, the main concern is the just allocation of limited
resources utilizing the forward-looking approaches.

Regenerative nature of the Earth system domain

The approximate rate at which the state of the Earth system domain
regenerates is another key factor determining suitable sharing
approaches. We categorize the regenerative capacity as zero or none,
slow or rapid.

« For Earth system domains with no regenerative capacity (non-
renewable and/or haveirreversibleimpacts), reducing or even halt-
ingimpacts does notalter the state of theboundary. For example,
CO, emissions are cumulative in nature with almost no regenera-
tive capacity. Reducing the emissions will not result in cooling to
pre-industrial temperatures on policy-relevant timescales.

« Earth system domains with slow regenerative capacity are able
to renew and restore at approximately decadal timescales. The
regenerative rate of nitrogen and phosphorus concentrations in
water bodies can be considered slow, at the timescale of nutrient
cyclingthroughsoil. Similarly, the regenerative rate of groundwa-
terisalongthe timescale of aquifer recharge. The regenerative rate
ofthebiosphere canalso be considered slow, along the timescale
of vegetation growth and ecosystem recovery.

 Earth system domains with rapid regenerative capacity renew or
recur atapproximately seasonal or annual timescales. Background
levels of aerosols are considered to renew rapidly as their concen-
trations in the air would drop to background levels in a matter
of months or less after a hypothetical cessation of emissions.
Anthropogenically available surface water budget is considered
toregeneraterapidly asit replenishes annually following the sea-
sonality of precipitation.

Temporal perspective and suitability

Thetemporal perspectiveis the final decision point before connecting
tothe pool of suitable sharing approaches. We categorize the temporal
perspective as forward looking, current and backward looking.

For domains with no or slow regenerative capacity on policy-
relevant timescales, even if all actors shift to sustainable practices,
restoration/renewal is either not possible or very slow and uncertain.
Therefore, backward-looking sharingapproaches are appropriatesince
past actions are reflected in the current status of the boundary. For
rapidly regenerative domains, backward-looking sharing approaches
are less relevant as past actions have little impact on the available
resources going forward. For all domains, regardless of regenerative

rates, forward-looking sharing approaches are suitable as either
already-exceeded or limited resources must be allocated, and future
actionsonreductions should consider actor capabilities. When applied
to specific domains, this means the following:

 For climate, backward-looking sharing approaches are appro-
priate for allocating emission reduction responsibilities, and
forward-looking sharing approaches are appropriate for allocat-
ing limited remaining global budgets as well as reduction respon-
sibilities for upholding trajectories that are essential for ESBs.

 Forbiosphere, nutrients, groundwater, backward-looking sharing
approaches are suitable for allocating reduction and restorative
responsibilities as pastimpacts affect current resources and con-
centrations. Forward-looking sharing approaches are needed to
allocateland use on the basis of needs and developmental rights,
toallocate restorative actions on the basis of capability, to allocate
regionally exceeded or limited nutrient flows and groundwater
on the basis of needs and reduction possibilities on the basis of
capability.

« Foraerosolsandsurface water, pastactions arelessrelevant tothe
current state of the resource, and transgression last year does not
mean transgression this year. Focus should rather be onallocating
the limited resource equitably on the basis of needs and rights to
development, and conservation actions on the basis of capability,
using the forward-looking sharing approaches.

The choices following all the preceding decision points lead to
different pools of suitable sharing approaches (Fig. 5), eachreflecting
differenttemporal perspectives. The final choice of sharing approaches
reflects different perceptions and value judgements on what is fair
(Principle 3) and may change with varying and evolving context. Each
allocation according to a sharing approach will inevitably come with
its own trade-offs and inbuilt biases, where moving towards equity in
oneaspect can move away from attaining equity in another and where
choices in the sharing approaches might favour or disfavour certain
actor typesover others. Thus, multiple sharing approaches often need
tobeincorporatedinto translation approaches tobetter approximate
Earth systemjustice.

Enacting metrics and data

Oncesharing approaches are determined, appropriate enacting met-
rics, defined as suitable indicators to represent environmental and
socioeconomic aspects (for example, rates of resource utilization
and impacts, natural resource endowment, levels of socioeconomic
development or current status of the Earth system domain; Table 1),
need to be identified to implement allocation. For example, the
capability-sharingapproach hasbeeninterpretedinterms of the enact-
ing metric of governance effectiveness”, wealthand economic value'?,
and renewable energy capacity” in the literature. For sharing the bur-
den ofreducing aggregate pressures, environmental footprint metrics
arerelevant for enacting responsibility-based sharing approaches. For
sharing an available Earth system budget, human well-being metrics
arerelevant for enacting needs-based sharing approaches, economic
metrics arerelevant to enact capability-based sharing approaches and
population metrics, current or projected, are relevant to state actors
to enact the equality principle”.

For each enacting metric, datasets are required at the scale of
the translation intermediate or end scales; however, these data are
not always available or cannot be readily applied to different kinds of
actors. Hence, in practice, the choice of sharing approaches is heavily
constrained by data availability (for example, ref. 51). While globally
consistent and longitudinal datasets that cover most of the 11 identi-
fied sharing approaches are available at country scale from data por-
tals such as The World Bank, United Nations Development Program,
and Food and Agricultural Organization, consistent data at city and
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sharing approaches (shown in different green shades) from which anactor can
choose followed by considerations of equity and actor’s specific contexts, as well
as choice of enacting metrics informed by available data, before arriving at the
final choice of sharing approaches. Applying the final set of sharing approaches
would produce allocated shares for the respective Earth system domains.

business scales are limited. Where data are available at the desired
scale, they often cover only the capital city and largest city in each
country’®and specificindustrial sectors’. Furthermore, data at com-
pany scale are typically self-reported (if reported at all) and compiled
by organizations on a voluntary basis, such as those compiled by the
Carbon Disclosure Project (https://data.cdp.net/), often requiring
further process to ensure consistency and comparability*°. Consist-
ency and comparability of data across the same scale are particularly
important for the adjustment step. Data collection and harmonization,
particularly at sub-national, city, sectoral and organizational scales, are
critical to enable the implementation of most suitable and equitable
sharing approaches.

Our proposed protocol lays out a step-by-step approachin cross-
scale translation. In some cases, the same results can be achieved
by integrating multiple steps into one when building a quantitative
model toimplement the translation. For example, a weighted approach
that considers impact, equality and capacity to derive a weighted
combination in allocating carbon mitigation targets® can achieve
the same result mathematically as following three distinctive steps of
cross-scale allocation and two adjustments. Both approaches are tech-
nically robust and can be made transparent. We chose a step-by-step
approach in our protocol as it might be easier for practitioners to
adopt and build upon, with intermediate results being made visible
to highlight the impacts of choosing different sharing approaches.
For example, using an equal per capita sharing approach as the first
step of cross-scale allocation gives a global average citizen’s share,
whichisanimportantresultinits ownright.

Remaining gaps and next steps

The ultimate goal of the cross-scale translationis to link biophysically
defined boundaries of Earth systems to actors, informing their target
setting, policy making, implementation and benchmarking. By synthe-
sizing existing approaches, building common principles and protocols,
this Review aims to ensure the translation is robust, transparent, fair

and comparable across domains and geographies. Severalimportant
issues need tobe keptin mindinapplyingthe protocol and grounding
decisions on the translated shares.

First, toensure transparency and comparability, itis vitallyimpor-
tant for any translation attempts, by individual cities, companies or
researchers assisting these actors, to present the translated shares
together with step-wise decisions made, for example, along the pro-
tocol presented in Fig. 5. Any additional considerations and assump-
tions that may influence the outcome, for example, type of cities or
businesses®!, should also be clearly noted.

Second, to make the actor-level shares and goals comparable
and compatible with each other and to ensure the sum aligns with
the global total, itis desirable to have agroup of cities and companies
(for example, an international city network, cities in a country and
companies withina value chain and/or industry sector) adopt the same
methods and allocate/adjust collectively rather than encouraging
individual actors to pick and choose methods. Organizations such as
Science-Based Targets Network and Science-Based Target initiative,
global city networks such as C40 Cities Climate Leadership Group,
Local Governments for Sustainability and World Business Council
for Sustainable Development can play important roles in piloting the
process. Note, however, that the transparency of company targets
approved by Science-Based Target initiative must be improved® to
comply with the ten principles developed here, pointing to the need
for a global standard similar to ISO (International Organization for
Standardization) 14064.

Third, given the plurality in translation methods, in particular
the many sharing approaches, there is a risk of individual actors
cherry-picking methods in translation and subsequent target set-
ting. While adopting almost any method of translation will deliver a
directionally appropriate target for individual cities or companies®,
ensuring absolute sustainability at a planetary level*****¢ requires the
aggregated individual shares to remain within the ESBs. Aslong as the
same method is used to translate across all cities and companies in
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theworld, absolute sustainability canbe ensured. However, in practice,
this is not always realistic or feasible. To reduce the risk of the aggre-
gated target breaching the ESBs, when a city or company attempts to
conduct the translation individually instead of within a network of
actors, these actors should be encouraged to employ several different
methods of sharing/adjustments, be transparent about the methods
adopted, compare the results and use the more stringent ones to inform
their own target setting and other decision-making’. Such individual
choicesshould alsowithstand independent external reviews for robust-
ness and accountability.

Translating and operationalizing ESBs for national and
sub-nationalactors to set science-based targetsis still atits early stage.
There are many challenges and knowledge gaps. For example, the
uncertainties involved with nonlinear interactions among different
boundaries®, the consequences of different choices of sharing prin-
ciples and procedures, the dynamic nature of some boundaries and
socioeconomic contexts and unclear governance and accountability
mechanisms’. Some of the challenges are inherent to the complexity of
cross-scale translation (for example, incomplete state-pressure causal
links), some are domain specificand others are related to the end users
and their interactions with each other (for example, reconciling differ-
ent approaches for cities and companies).

The principles and protocol proposed here are the first step
towards developing a fully coherent and transparent procedure for
translation, which needs to be extended and tested with quantitative
models under each sharing principle and in real-world settings. Going
forward, several important tasks and questions need to be tackled
in linking ESBs to cities and businesses. These include the need to (1)
complete the state-pressure links for all ESBs to facilitate the transcrip-
tion step, (2) integrate cities and businesses into the same translation
framework to avoid leakage or double counting between cities and
businesses, (3) develop methods that can incorporate or handle the
interconnectedness across all ESB domains, (4) enhance comprehen-
sive and comparable data availability, (5) develop concrete guidance
and standards to assist cities and companies in their translation and
science-based target setting and (6) develop effective governance and
accountability mechanisms to assess compliance and ensure ESBs are
not transgressed.

References

1. Rockstrom, J. et al. Safe and just Earth system boundaries. Nature
619, 102-111 (2023).

This paper proposes eight safe and just Earth system boundaries
on climate, the biosphere, freshwater, nutrients and air pollution
at global and subglobal scales and finds seven have been
transgressed.

2. Rockstrém, J., Mazzucato, M., Andersen, L. S., Fahrlander, S. F. &
Gerten, D. Why we need a new economics of water as a common
good. Nature 615, 794-797 (2023).

3. Meyer, K. & Newman, P. The Planetary Accounting Framework:

a novel, quota-based approach to understanding the impacts
of any scale of human activity in the context of the planetary
boundaries. Sustain. Earth1, 4 (2018).

4. Meyer, K. & Newman, P. Planetary Accounting: Quantifying How to
Live Within Planetary Limits at Different Scales of Human Activity
(Springer, 2020).

5.  Wang-Erlandsson, L. et al. A planetary boundary for green water.
Nat. Rev. Earth Environ. 3, 380-392 (2022).

6. Chen, X, Li, C., Li, M. & Fang, K. Revisiting the application and
methodological extensions of the planetary boundaries for
sustainability assessment. Sci. Total Environ. 788, 147886 (2021).

7. Ryberg, M. W., Andersen, M. M., Owsianiak, M. & Hauschild, M. Z.
Downscaling the planetary boundaries in absolute environmental
sustainability assessments—a review. J. Clean. Prod. 276, 123287
(2020).

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Stewart-Koster, B. et al. Living within the safe and just Earth
system boundaries for blue water. Nat. Sustain. https://doi.
org/10.1038/s41893-023-01247-w (2023).

Bai, X. et al. How to stop cities and companies causing planetary
harm. Nature 609, 463-466 (2022).

This paper highlights the importance of linking planetary-level
boundaries to cities and businesses as key actors and elaborate
on seven knowledge gaps in cross-scale translation.

Whiteman, G., Walker, B. & Perego, P. Planetary boundaries:
ecological foundations for corporate sustainability. J. Manage.
Stud. 50, 307-336 (2013).

Science-Based Targets for Nature: Initial Guidance for

Business (Science Based Target Network, 2020); https://
sciencebasedtargetsnetwork.org/wp-content/uploads/2020/11/
Science-Based-Targets-for-Nature-Initial-Guidance-for-Business.pdf
Companies Taking Action Beta Version (SBTi, 2023); https://
sciencebasedtargets.org/companies-taking-action

Bjarn, A., Tilsted, J. P., Addas, A. & Lloyd, S. M. Can science-based
targets make the private sector Paris-aligned? A review of the
emerging evidence. Curr. Clim. Change Rep. 8, 53-69

(2022).

Lucas, P. L., Wilting, H. C., Hof, A. F. & van Vuuren, D. P. Allocating
planetary boundaries to large economies: distributional
consequences of alternative perspectives on distributive fairness.
Glob. Environ. Change 60, 102017 (2020).

This paper applies grandfathering, ‘equal per capita’ share

and ‘ability to pay’ to allocate and compare planetary
boundary-based global budgets for CO, emissions (climate
change), intentional nitrogen fixation and phosphorus fertilizer
use (biogeochemical flows), cropland use (land-use change)
and mean species abundance loss (biodiversity loss) for the
European Union, United States, China and India.

Hayha, T., Lucas, P. L., van Vuuren, D. P., Cornell, S. E. & Hoff, H.
From planetary boundaries to national fair shares of the global
safe operating space—how can the scales be bridged? Glob.
Environ. Change 40, 60-72 (2016).

This paper proposes a conceptual framework for translating
planetary boundaries to national or regional implementation,
taking into account the biophysical, socioeconomic and ethical
dimensions for scaling planetary boundaries to the scales
needed forimplementation.

Clift, R. et al. The challenges of applying planetary boundaries as
a basis for strategic decision-making in companies with global
supply chains. Sustainability 9, 279 (2017).

Nilsson, M. & Persson, A. Can Earth system interactions be
governed? Governance functions for linking climate change
mitigation with land use, freshwater and biodiversity protection.
Ecol. Econ. 75, 61-71 (2012).

Busch, T., Cho, C. H., Hoepner, A. G. F., Michelon, G. & Rogelj, J.
Corporate greenhouse gas emissions’ data and the urgent

need for a science-led just transition: introduction to a thematic
symposium. J. Bus. Ethics 182, 897-901 (2023).

Rockstrom, J. et al. A safe operating space for humanity. Nature
461, 472-475 (2009).

Steffen, W. et al. Planetary boundaries: guiding human
development on a changing planet. Science 347, 1259855
(2015).

Chandrakumar, C. et al. Setting better-informed climate targets
for New Zealand: the influence of value and modeling choices.
Environ. Sci. Technol. 54, 4515-4527 (2020).

Raupach, M. R. et al. Sharing a quota on cumulative carbon
emissions. Nat. Clim. Change 4, 873-879 (2014).

van den Berg, N. J. et al. Implications of various effort-sharing
approaches for national carbon budgets and emission pathways.
Climatic Change 162, 1805-1822 (2020).

Nature Sustainability


http://www.nature.com/natsustain
https://doi.org/10.1038/s41893-023-01247-w
https://doi.org/10.1038/s41893-023-01247-w
https://sciencebasedtargetsnetwork.org/wp-content/uploads/2020/11/Science-Based-Targets-for-Nature-Initial-Guidance-for-Business.pdf
https://sciencebasedtargetsnetwork.org/wp-content/uploads/2020/11/Science-Based-Targets-for-Nature-Initial-Guidance-for-Business.pdf
https://sciencebasedtargetsnetwork.org/wp-content/uploads/2020/11/Science-Based-Targets-for-Nature-Initial-Guidance-for-Business.pdf
https://sciencebasedtargets.org/companies-taking-action
https://sciencebasedtargets.org/companies-taking-action

Review article

https://doi.org/10.1038/s41893-023-01255-w

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Hoéhne, N., den Elzen, M. & Escalante, D. Regional GHG reduction
targets based on effort sharing: a comparison of studies. Clim.
Policy 14,122-147 (2014).

Through a comparison of more than 40 studies on national or
regional allocations of future GHG emissions allowances or
reduction targets using different effort-sharing approaches,
this paper finds that the range in allowances within specific
categories of effort-sharing can be substantial, the outcome of
effort-sharing approaches is driven largely by how the equity
principle is implemented, and the distributional impacts differed
significantly depending on the effort-sharing criteria used.
Steininger, K. W., Williges, K., Meyer, L. H., Maczek, F. & Riahi, K.
Sharing the effort of the European Green Deal among countries.
Nat. Commun. 13, 3673 (2022).

This paper presents an effort-sharing approach that
systematically combines different interpretations of justice or
equity expressed through capability, equality and responsibility
principles to allocate emissions reduction burden among
European Union member states.

Sun, Z., Behrens, P., Tukker, A., Bruckner, M. & Scherer, L. Shared
and environmentally just responsibility for global biodiversity
loss. Ecol. Econ. 194, 107339 (2022).

Perdomo Echenique, E. A., Ryberg, M., Vea, E. B., Schwarzbauer, P. &
Hesser, F. Analyzing the consequences of sharing principles

on different economies: a case study of short rotation coppice
poplar wood panel production value chain. Forests 13, 461
(2022).

Cole, M. J., Bailey, R. M. & New, M. G. Tracking sustainable
development with a national barometer for South Africa using a
downscaled ‘safe and just space’ framework. Proc. Natl Acad. Sci.
USA 1M1, E4399-E4408 (2014).

Zhang, Q. et al. Bridging planetary boundaries and spatial
heterogeneity in a hybrid approach: a focus on Chinese provinces
and industries. Sci. Total Environ. 804, 150179 (2022).

Zipper, S. C. et al. Integrating the water planetary boundary with
water management from local to global scales. Earths Future 8,
e2019EF001377 (2020).

Zhou, P. & Wang, M. Carbon dioxide emissions allocation: a
review. Ecol. Econ. 125, 47-59 (2016).

Bjarn, A. et al. Life cycle assessment applying planetary and
regional boundaries to the process level: a model case study. Int
J. Life Cycle Assess. 25, 2241-2254 (2020).

Bjorn, A. et al. Review of life-cycle based methods for absolute
environmental sustainability assessment and their applications.
Environ. Res. Lett. 15, 083001 (2020).

Li, M., Wiedmann, T., Fang, K. & Hadjikakou, M. The role of
planetary boundaries in assessing absolute environmental
sustainability across scales. Environ. Int 152, 106475 (2021).

Is Europe Living Within the Limits of Our Planet? An Assessment

of Europe’s Environmental Footprints in Relation to Planetary
Boundaries (EEA & FOEN, 2020); https://www.eea.europa.eu/
publications/is-europe-living-within-the-planets-limits

Hoff, H., Nykvist, B. & Carson, M. ‘Living Well, Within the Limits of
Our Planet’? Measuring Europe’s Growing External Footprint (SEl,
2014); https://mediamanager.sei.org/documents/Publications/
SEI-WP-2014-05-Hoff-EU-Planetary-boundaries.pdf

Nykvist, B. et al. National Environmental Performance on Planetary
Boundaries (SEl, 2013); https://www.sei.org/publications/
national-environmental-performance-on-planetary-boundaries/
Hoff, H., Hayha, T., Cornell, S. & Lucas, P. Bringing EU Policy into
Line with the Planetary Boundaries (SEl, 2017); https://www.sei.org/
publications/eu-policy-into-line-planetary-boundaries/
Andersen, L. S. et al. A Safe Operating Space for New Zealand/
Aotearoa: Translating the Planetary Boundaries Framework
(Stockholm Resiliance Centre, 2020); https://www.

40.

a1.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

stockholmresilience.org/download/18.66e0efc517643c2b81021
8e/1612341172295/UpdatedPBNZ-Report-Design-v6.0.pdf

Dao, H., Peduzzi, P. & Friot, D. National environmental limits and
footprints based on the planetary boundaries framework: the
case of Switzerland. Glob. Environ. Change 52, 49-57 (2018).
Hayha, T., Cornell, S. E., Hoff, H., Lucas, P. & van Vuuren, D.
Operationalizing the Concept of a Safe Operating Space at the

EU Level—First Steps and Explorations (Stockholm Resilience
Centre, 2018); https://www.stockholmresilience.org/publications/
publications/2018-07-03-operationalizing-the-concept-of-a-safe-
operating-space-at-the-eu-level---first-steps-and-explorations.html
Sandin, G., Peters, G. M. & Svanstrom, M. Using the planetary
boundaries framework for setting impact-reduction targets in LCA
contexts. Int J. Life Cycle Assess. 20, 1684-1700 (2015).

Roos, S., Zamani, B., Sandin, G., Peters, G. M. & Svanstrom, M.

A life cycle assessment (LCA)-based approach to guiding an
industry sector towards sustainability: the case of the Swedish
apparel sector. J. Clean. Prod. 133, 691-700 (2016).

Ryberg, M. W. et al. How to bring absolute sustainability into
decision-making: an industry case study using a planetary
boundary-based methodology. Sci. Total Environ. 634, 1406-1416
(2018).

Algunaibet, I. M. et al. Powering sustainable development within
planetary boundaries. Energy Environ. Sci. 12, 1890-1900 (2019).
Lucas, E., Guo, M. & Guillén-Gosalbez, G. Optimising diets to
reach absolute planetary environmental sustainability through
consumers. Sustain. Prod. Consum. 28, 877-892 (2021).
Ehrenstein, M., Galan-Martin, A., Tulus, V. & Guillén-Gosalbez, G.
Optimising fuel supply chains within planetary boundaries: a case
study of hydrogen for road transport in the UK. Appl. Energy 276,
115486 (2020).

Hjalsted, A. W. et al. Sharing the safe operating space: exploring
ethical allocation principles to operationalize the planetary
boundaries and assess absolute sustainability at individual and
industrial sector levels. J. Ind. Ecol. 25, 6-19 (2021).

This paper develops and tests a framework for sharing the
planetary boundary-derived safe operating space among social
actors on the basis of a two-step process of downscaling to
individual level followed by upscaling from anindividual shareto a
higher-level unit or entity such as company, organization, product,
service, sector, household or nation; different ethical principles
were explored in the downscaling and upscaling processes.
Hannouf, M., Assefa, G. & Gates, |. Carbon intensity threshold

for Canadian oil sands industry using planetary boundaries: is a
sustainable carbon-negative industry possible? Renew. Sustain.
Energy Rev. 151, 111529 (2021).

Wheeler, J., Galan-Martin, A., Mele, F. D. & Guillén-Gosélbez, G.
Designing biomass supply chains within planetary boundaries.
AIChE J. 67, €17131(2021).

Suarez-Eiroa, B. et al. A framework to allocate responsibilities

of the global environmental concerns: a case study in Spain
involving regions, municipalities, productive sectors, industrial
parks, and companies. Ecol. Econ. 192, 107258 (2022).

Using Spain as a case study, this paper presents the responsible
operating space framework to allocate responsibilities for
managing territorial and global environmental concerns to
entities and social actors operating at different scales using a
footprint perspective.

Brejnrod, K. N., Kalbar, P., Petersen, S. & Birkved, M. The absolute
environmental performance of buildings. Build. Environ. 119,
87-98 (2017).

Chandrakumar, C., MclLaren, S. J., Jayamaha, N. P. & Ramilan, T.
Absolute sustainability-based life cycle assessment (ASLCA): a
benchmarking approach to operate agri-food systems within the
2°C global carbon budget. J. Ind. Ecol. 23, 906-917 (2019).

Nature Sustainability


http://www.nature.com/natsustain
https://www.eea.europa.eu/publications/is-europe-living-within-the-planets-limits
https://www.eea.europa.eu/publications/is-europe-living-within-the-planets-limits
https://mediamanager.sei.org/documents/Publications/SEI-WP-2014-05-Hoff-EU-Planetary-boundaries.pdf
https://mediamanager.sei.org/documents/Publications/SEI-WP-2014-05-Hoff-EU-Planetary-boundaries.pdf
https://www.sei.org/publications/national-environmental-performance-on-planetary-boundaries/
https://www.sei.org/publications/national-environmental-performance-on-planetary-boundaries/
https://www.sei.org/publications/eu-policy-into-line-planetary-boundaries/
https://www.sei.org/publications/eu-policy-into-line-planetary-boundaries/
https://www.stockholmresilience.org/download/18.66e0efc517643c2b810218e/1612341172295/UpdatedPBNZ-Report-Design-v6.0.pdf
https://www.stockholmresilience.org/download/18.66e0efc517643c2b810218e/1612341172295/UpdatedPBNZ-Report-Design-v6.0.pdf
https://www.stockholmresilience.org/download/18.66e0efc517643c2b810218e/1612341172295/UpdatedPBNZ-Report-Design-v6.0.pdf
https://www.stockholmresilience.org/publications/publications/2018-07-03-operationalizing-the-concept-of-a-safe-operating-space-at-the-eu-level---first-steps-and-explorations.html
https://www.stockholmresilience.org/publications/publications/2018-07-03-operationalizing-the-concept-of-a-safe-operating-space-at-the-eu-level---first-steps-and-explorations.html
https://www.stockholmresilience.org/publications/publications/2018-07-03-operationalizing-the-concept-of-a-safe-operating-space-at-the-eu-level---first-steps-and-explorations.html

Review article

https://doi.org/10.1038/s41893-023-01255-w

54.

55.

56.

57.

58.

50.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

Desing, H., Braun, G. & Hischier, R. Ecological resource
availability: a method to estimate resource budgets for a
sustainable economy. Glob. Sustain. 3, e31(2020).

Bjern, A. et al. A comprehensive planetary boundary-based
method for the nitrogen cycle in life cycle assessment:
development and application to a tomato production case study.
Sci. Total Environ. 715, 136813 (2020).

Bjern, A. et al. A planetary boundary-based method for
freshwater use in life cycle assessment: development and
application to a tomato production case study. Ecol. Indic. 110,
105865 (2020).

Hachaichi, M. & Baouni, T. Downscaling the planetary boundaries
(PBs) framework to city scale-level: de-risking MENA region’s
environment future. Environ. Sustain. Indic. 5, 100023 (2020).
Wolff, A., Gondran, N. & Brodhag, C. Detecting unsustainable
pressures exerted on biodiversity by a company. Application to
the food portfolio of a retailer. J. Clean. Prod. 166, 784-797 (2017).
Ryberg, M. W., Bjerre, T. K., Nielsen, P. H. & Hauschild, M. Absolute
environmental sustainability assessment of a Danish utility
company relative to the planetary boundaries. J. Ind. Ecol. 25,
765-777 (2021).

Fanning, A. L. & O’Neill, D. W. Tracking resource use relative to
planetary boundaries in a steady-state framework: a case study of
Canada and Spain. Ecol. Indic. 69, 836-849 (2016).

Fang, K., Heijungs, R., Duan, Z. & De Snoo, G. R. The environmental
sustainability of nations: benchmarking the carbon, water

and land footprints against allocated planetary boundaries.
Sustainability 7, 11285-11305 (2015).

O'Neill, D. W., Fanning, A. L., Lamb, W. F. & Steinberger, J. K. A
good life for all within planetary boundaries. Nat. Sustain. 1, 88-95
(2018).

Huang, L. H., Hu, A. H. & Kuo, C.-H. Planetary boundary
downscaling for absolute environmental sustainability
assessment—case study of Taiwan. Ecol. Indic. 114, 106339 (2020).
Sala, S., Crenna, E., Secchi, M. & Sanyé-Mengual, E.
Environmental sustainability of European production and
consumption assessed against planetary boundaries. J. Environ.
Manage. 269, 110686 (2020).

Dao, Q.-H., Peduzzi, P., Chatenoux, B., De Bono, A. & Schwarzer, S.
Environmental Limits and Swiss Footprints Based on Planetary
Boundaries (UNEP/GRID-Geneva & Univ. Geneva, 2015).

Lucas, P. & Wilting, H. Using Planetary Boundaries to Support
National Implementation of Environment-Related Sustainable
Development Goals PBL publication number 2748 (PBL
Netherlands Environmental Assessment Agency, 2018).
Kahiluoto, H., Kuisma, M., Kuokkanen, A., Mikkila, M. & Linnanen, L.
Local and social facets of planetary boundaries: right to nutrients.
Environ. Res. Lett. 10, 104013 (2015).

Li, M., Wiedmann, T. & Hadjikakou, M. Towards meaningful
consumption-based planetary boundary indicators: The
phosphorus exceedance footprint. Glob. Environ. Change 54,
227-238 (2019).

Shaikh, M. A., Hadjikakou, M. & Bryan, B. A. National-level
consumption-based and production-based utilisation of the
land-system change planetary boundary: patterns and trends.
Ecol. Indic. 121,106981 (2021).

Gupta, J. et al. Earth system justice needed to identify and live
within Earth system boundaries. Nat. Sustain.
https://doi.org/10.1038/s41893-023-01064-1 (2023).

Armstrong McKay, D. I. et al. Exceeding 1.5°C global warming
could trigger multiple climate tipping points. Science 377,
eabn7950 (2023).

Liu, J. Leveraging the metacoupling framework for sustainability
science and global sustainable development. Natl Sci. Rev. 10,
nwad090 (2023).

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Bai, X. Eight energy and material flow characteristics of urban
ecosystems. Ambio 45, 819-830 (2016).

Liu, J. et al. Nexus approaches to global sustainable development.
Nat. Sustain. 1, 466-476 (2018).

Fang, K., Heijungs, R. & De Snoo, G. R. Understanding the
complementary linkages between environmental footprints and
planetary boundaries in a footprint-boundary environmental
sustainability assessment framework. Ecol. Econ. 114, 218-226
(2015).

IPCC Climate Change 2022: Mitigation of Climate Change (eds
Shukla, P. R. et al.) (Cambridge Univ. Press, 2022).

Hoornweg, D., Hosseini, M., Kennedy, C. & Behdadi, A. An urban
approach to planetary boundaries. Ambio 45, 567-580 (2016).
Population in the capital city, urban and rural areas. UN Data Portal
http://data.un.org/ (2023).

Industrial Statistics Database, INDSTAT4 - 2023 edition at the 3-
and 4-digit level of ISIC Revision 3 and ISIC Revision 4:

INDSTAT 4 2023, ISIC Revision 4 (UNIDO, 2023); https://
stat.unido.org/content/dataset_description/indstat-4-
2023%252c-isic-revision-4

Freiberg, D., Park, D. G., Serafim, G. & Zochowski, R. Corporate
Environmental Impact: Measurement, Data and Information
(Harvard Business School Accounting & Management Unit, 2021);
https://doi.org/10.2139/ssrn.3565533

WBCSD & WRI The Greenhouse Gas Protocol: A Corporate
Accounting and Reporting Standard revised edn (WBCSD & WRI,
2004); https://ghgprotocol.org/sites/default/files/standards/
ghg-protocol-revised.pdf

Bjarn, A. et al. Increased transparency is needed for corporate
science-based targets to be effective. Nat. Clim. Change 13,
756-759 (2023).

Bjorn, A., Lloyd, S. & Matthews, D. From the Paris Agreement to
corporate climate commitments: evaluation of seven methods
for setting ‘science-based’ emission targets. Environ. Res. Lett. 16,
054019 (2021).

Lade, S. J. et al. Human impacts on planetary boundaries amplified
by Earth system interactions. Nat. Sustain. 3, 119-128 (2020).
Kulionis, V. & Pfister, S. A planetary boundary-based method to
assess freshwater use at the global and local scales. Environ. Res.
Lett. 17, 094031 (2022).

Obura, D. O. et al. Achieving a nature- and people-positive future.
One Earth 6,105-117 (2023).

Dooley, K. et al. Ethical choices behind quantifications of fair
contributions under the Paris Agreement. Nat. Clim. Change 11,
300-305 (2021).

Hickel, J. Quantifying national responsibility for climate
breakdown: an equality-based attribution approach for carbon
dioxide emissions in excess of the planetary boundary. Lancet
Planet. Health 4, e399-e404 (2020).

Hickel, J., Neill, D. W. O., Fanning, A. L. & Zoomkawala, H. National
responsibility for ecological breakdown: a fair-shares assessment
of resource use, 1970-2017. Lancet Planet. Health 6, e342-e349
(2022).

Liu, J. et al. Systems integration for global sustainability. Science
347, 1258832 (2015).

Xu, H. et al. Ensuring effective implementation of the post-2020
global biodiversity targets. Nat. Ecol. Evol. 5, 411-418 (2021).

Acknowledgements

This work is part of the Earth Commission, which is hosted by
Future Earth and is the science component of the Global Commons
Alliance. The Global Commons Alliance is a sponsored project

of Rockefeller Philanthropy Advisors, with support from Oak
Foundation, MAVA, Porticus, Gordon and Betty Moore Foundation,
Tiina and Antti Herlin Foundation, William and Flora Hewlett

Nature Sustainability


http://www.nature.com/natsustain
https://doi.org/10.1038/s41893-023-01064-1
http://data.un.org/
https://stat.unido.org/content/dataset_description/indstat-4-2023%252c-isic-revision-4
https://stat.unido.org/content/dataset_description/indstat-4-2023%252c-isic-revision-4
https://stat.unido.org/content/dataset_description/indstat-4-2023%252c-isic-revision-4
https://doi.org/10.2139/ssrn.3565533
https://ghgprotocol.org/sites/default/files/standards/ghg-protocol-revised.pdf
https://ghgprotocol.org/sites/default/files/standards/ghg-protocol-revised.pdf

Review article

https://doi.org/10.1038/s41893-023-01255-w

Foundation, the Global Environment Facility and Generation
Foundation. The Earth Commission is also supported by the

Global Challenges Foundation and Frontiers Research Foundation.
Individual researchers were supported by the Australian Government
(Australian Research Council Future Fellowship FT200100381 to
S.J.L.) and the Swedish Research Council Formas (grant 2020-00371
to S.J.L.). We thank S. Bringezu for his valuable inputs and V. Vijay for
her comments on an earlier version of this paper. The authors take
full responsibility for the contents and any remaining errors.

Author contributions

X.B.,S.H.,L.S.A,, A.B., SK., D. Ospina., J.L., S.E.C.,, 0.5.M., A.d.B.,
B.C., F.D., J.G., H.H., N.N., D. Obura., GW., W.B., S.J.L., J. Rockstrom.,
B.S.-K., D.vV. and C.Z. contributed to the conceptualization and
deliberation of the work. X.B. led the work and the writing process.
S.H. led the literature review of sharing approaches. X.B., S.H., L.S.A.,
D. Ospina., A.B., S.K., J.L. and O.S.M. drafted the manuscript. S.H.,
X.B.and L.S.A. produced and finalized the figures. X.B., S.H., L.S.A.,
A.B., S.K., D. Ospina., J.L.,S.E.C.,, O.S.\M., Ad.B.,B.C, F.D., J.G., H.H.,
N.N., D. Obura., GW., W.B., S.J.L., J. Rocha, J. Rockstrém., B.S.-K.,
D.v.V. and C.Z. provided critical reviews, extensive comments and
editing of the manuscript.

Competinginterests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41893-023-01255-w.

Correspondence and requests for materials should be addressed to
Xuemei Bai.

Peer review information Nature Sustainability thanks Cameron Allen,
Daniel Hoornweg and Zhu Liu for their contribution to the peer review
of this work.

Reprints and permissions information is available at
www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with
the author(s) or other rightsholder(s); author self-archiving of the
accepted manuscript version of this article is solely governed by the
terms of such publishing agreement and applicable law.

© Springer Nature Limited 2024

Nature Sustainability


http://www.nature.com/natsustain
https://doi.org/10.1038/s41893-023-01255-w
http://www.nature.com/reprints

	Translating Earth system boundaries for cities and businesses

	Sharing approaches in translation

	Ten principles of translation

	Key building blocks linking ESBs to actors

	Transcription

	Allocation

	Bioregional versus global citizen’s perspective

	Target setting and alignment checking


	A protocol for translation

	Spatial construct of the boundary

	State of the boundary

	Regenerative nature of the Earth system domain

	Temporal perspective and suitability

	Enacting metrics and data


	Remaining gaps and next steps

	Acknowledgements

	Fig. 1 The scope, scale and sharing approaches in cross-scale translation.
	Fig. 2 A typology of cross-scale translation as revealed from combinations of sharing approaches applied at a single scale or across multiple scales.
	Fig. 3 Ten principles of translation.
	Fig. 4 Key building blocks in connecting ESBs to actors and the applicable ten principles of translation.
	Fig. 5 Towards a protocol for cross-scale translation of ESBs.
	Table 1 The 11 sharing approaches in cross-scale translation and their enacting metrics.




