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Abstract

This article investigates issues in the local operationalization of the Planetary Boundaries
concept (PBc), crucial for assessing human impacts on the Earth system and guiding sustain-
able development policies. Originally designed for the global scale, this concept requires
local adaptation to align territorial actions with global environmental goals. Following a
qualitative analysis of 34 review articles, a systematic categorization method is employed to
identify recurrent localization and operationalization issues. Their analysis provides three
main contributions that improve the understanding of PBc downscaling mechanisms. First,
it identifies a prevalent quantification-based localization approach. Second, it categorizes
local operationalization constraints into three distinct groups. Third, it reveals underly-
ing patterns demonstrating that the prevalent approach, despite ensuring scientific rigor,
generates methodological and practical constraints to effective local operationalization.
This “operational paradox” reveals fundamental tensions between the PBc’s biophysical
interpretation, localization by quantification, and local operationalization, contrasting mea-
surement or meaning, precision or participation, and standardized solutions or locally
adapted responses. For future research, the analysis of the interactions between these con-
tributions suggests operating a paradigm shift based on a socio-biophysical interpretation
of the PBc and the contextualization of the resulting components. This alternative approach
could prioritize territorial anchoring, stakeholder inclusion, and the co-construction of
sustainability trajectories.

Keywords: Planetary Boundaries framework; Planetary Boundaries concept; downscaling;
operationalization; localization; quantification; contextualization; local governance

1. Introduction
1.1. Context

Since Rockström et al. [1] introduced the Planetary Boundaries concept (PBc) in
their seminal 2009 article ‘Planetary Boundaries: Exploring the Safe Operating Space
for Humanity’, this concept has emerged as a cornerstone reference in the research on
global environmental sustainability. Its theoretical framework (PBf) provides a quantitative
basis for assessing the possibility of a change in the state of the Earth system that could
profoundly and irreversibly disrupt the environmental conditions of the planet. To this
end, it aims to quantify the boundary values of global biophysical processes beyond which
the Earth’s habitability is threatened [2].
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Stemming from Earth system science and building on environmental sciences [3],
the Planetary Boundaries concept (PBc) has been developed mainly through the detailed
description of its biophysical framework (PBf) and its components [4]: system, reference
state, processes, control variables, thresholds, boundaries, and state of processes. However,
since its first introduction, the social and anthropological significance of the PBc was equally
recognized by its authors. Indeed, they already explained the disastrous societal conse-
quences of crossing the boundary values as a result of industrialized societies’ activities [1].
In 2015, the concept of the “Planetary Boundary Approach” [5] reinforced the importance
of maintaining the Earth in its “Holocene” habitable state to ensure the development and
prosperity of human societies. Despite this conceptual connection with social sciences
and humanities, practical applications of Planetary Boundaries have developed around its
biophysical components only, particularly in the case of downscaling attempts.

Although the PBc’s relevance for assessing global environmental sustainability is
widely acknowledged, its adoption by sub-global authorities has become crucial to meeting
the defined global objectives [6–10]. The downscaling of the concept has highlighted the
importance of localizing Planetary Boundaries. Indeed, the localization, or adaptation
to the other scales, is a central step that precedes the local operationalization, i.e., the
development of realistic responses that are context-appropriate and aligned with the global
aims of the PBf. However, efforts to make the PBc effective at the local level have often
been hindered by multiple obstacles, as demonstrated by the limited operational success of
various localization initiatives documented in the recent literature [7,8].

In this context, this article aims to provide a robust and detailed diagnosis of the
obstacles encountered in the local operationalization of the PBc, as well as their root causes.
To this end, the analysis goes far beyond technical considerations relating to the parameters
of a given localization method. It questions not only the approach chosen to localize PBc
but also the underlying interpretation of this concept, on which the whole downscaling
process is ultimately founded.

1.2. Research Gaps and Relevance of This Study

The analysis of the current literature reveals three major conceptual and methodologi-
cal shortcomings, hindering the effective operationalization of the Planetary Boundaries
concept. First, technically sophisticated methodologies for local quantification have been
developed. However, empirical evidence reveals a persistent disconnection between these
technical advances and their translation into concrete policy measures. This gap questions
the effectiveness of the prevalent quantification-based localization approach. Second, the
existing literature reveals an essentially technical approach to localization issues. This
approach treats them as parametric challenges requiring better data or methods. It fails
to examine how fundamental choices—conceptual interpretation and methodological
approach—influence operational outcomes. Third, as a consequence, the analysis of the the-
oretical interconnectedness between the conceptual interpretation of the Planetary Bound-
ary concept, the methodologies for its localization, and its operational success remains
insufficiently developed. In light of these shortcomings, this study proposes a systematic
analysis of the links between conceptual interpretation, localization methodology, and
operational effectiveness. This analysis is based on a multidisciplinary approach that artic-
ulates reflections on a territorial scale with the analysis of context-specific transformations
of scientific knowledge, and critiques of a strictly technocratic vision of sustainability.

1.3. Theoretical Framework, Objectives, and Research Hypotheses

This analytical framework integrates insights from three distinct yet complementary
fields. First, environmental governance scholarship, which illuminates tensions between
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scientific universalism and territorial particularism. Second, science and technology studies,
which elucidates how scientific concepts undergo transformation across contexts. Third,
critical sustainability studies, which examines how depoliticized frameworks may jeopar-
dize transformative action.

This article addresses the following research question: does the biophysical dimension
of the Planetary Boundaries framework (PBf) hinder the local operationalization of the
Planetary Boundaries concept (PBc)? More specifically, it aims to better understand the
origins of the operational issues of the PBc by identifying and analyzing the connections
with the approach applied for localization and how the concept is interpreted in the
first place.

We formulate three hypotheses. First, a purely biophysical interpretation of the PBc
favors localization that focuses solely on quantifying the numerical components of the PBf.
Second, this quantitative approach hinders local operationalization in two ways: it fails
to overcome downscaling challenges and generates additional obstacles. Third, the initial
interpretation of the PBc directly influences the ability to design and implement effective
local actions. These hypotheses structure the overall analysis through the identification
of prevalent localization approaches, the categorization of operational obstacles, and the
conceptualization of the operational paradox.

1.4. Article Structure

This article develops its reasoning through six analytical steps. Firstly, it introduces
the methodology adopted for selecting review articles (Section 2). Secondly, it analyzes
the characteristics of the studied corpus from both an interdisciplinary and international
perspective (Section 3). Thirdly, it describes the qualitative analysis method employed to
identify issues related to localization and the local operationalization of the PBc (Section 4).
The empirical findings are then presented in a structured format (Section 5), followed
by in-depth analysis to extract theoretical contributions (Section 6). Finally, this article
tests initial hypotheses of potential solutions against the obtained results, discussing their
implications and proposing directions for future research (Section 7).

1.5. Main Theoretical Contributions and Societal Implications

This article clarifies the main steps for downscaling the Planetary Boundaries concept
(PBc): interpretation, localization, and local operationalization. Moreover, it offers three
main contributions to a deeper understanding of the interactions between these steps. First,
it unveils a prevalent approach to PBc localization: the top-down local quantification of
the numerical components of the biophysical framework of Planetary Boundaries (PBf).
Second, it describes the links between this prevalent approach and the issues of the local
operationalization of the PBc, thus identifying an “operational paradox.” Finally, it dis-
cusses how the initial interpretation of the Planetary Boundaries concept has influenced
the emergence of a prevalent approach to localization. This allows us to show how a focus
restrained to the biophysical components can hinder the local operationalization of the PBc.

In doing so, this study contributes to the current debate on the downscaling of Plan-
etary Boundaries concept. Its contributions suggest the need not only to change the
mainstream approach to localization, but also to develop new perspectives on the overall
concept, going beyond the strictly biophysical dimension of the PBf to encompass other
fundamental dimensions that are present in the founding concept. These proposals seem
to hold promising capacity in unlocking effective responses to the identified operational
issues hindering PBc localization, thus contributing to the development of a local gover-
nance of environmental sustainability that is aligned with the global scope of the Planetary
Boundaries concept.
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2. Materials
2.1. Initial Corpus Selection Methodology

The selection methodology is based on a systematic and rigorous analysis of a corpus
of the interdisciplinary and international literature addressing issues of localization and
local operationalization of the Planetary Boundaries concept (PBc).

The analyzed literature spans from January 2015 to December 2023. It begins in 2015
because the first fundamental update of the PBc, published that year (Steffen et al., 2015) [5],
catalyzed localization efforts by explicitly emphasizing the importance of local action,
marking a turning point in the field, as documented by Biermann and Kim (2020) [11]. It
ends in 2023 because the systematic review was conducted by the authors in 2024, thus
marking December 2023 as a natural endpoint for comprehensive coverage.

The focus on review articles serves three principal purposes. First, it enables the
development of a general analysis of the challenges of PBc downscaling challenges, rather
than a list of detailed issues influenced by the biophysical processes and characteristics of
the territories studied in research articles. Second, it provides a disciplinary and critical
perspective on these issues, facilitating comparison of different analytical viewpoints.
Finally, this methodological choice ensures a relevant and consistent selection of review
articles, that represent key advances related to the issues addressed, while maintaining a
manageable corpus size. Indeed, opting for primary research articles would have generated
an excessive corpus, compromising the feasibility of rigorous qualitative content analysis.

To build the corpus, the following three sources were used: Google Scholar, ScienceDi-
rect, and previous aligned research work of the authors. Google Scholar served as the
primary source for its comprehensive interdisciplinary coverage, essential to address a trans-
disciplinary topic spanning across environmental and social sciences. The resulting corpus
was compared with ScienceDirect’s robust collection of environmental science articles—the
primary domain in Planetary Boundaries research—to assess its quality. The overlap be-
tween databases confirmed the selection strategy’s robustness (all filtered ScienceDirect
articles were already in Google Scholar results). Finally, the authors’ own bibliography
ensured the inclusion of key texts potentially overlooked by database indexing limitations.

For internet sources, in addition to activating the “review articles” option, the follow-
ing choices were made to obtain results relevant to the research question:

• Using a structured request with the following terms: “planetary boundaries”; “plane-
tary boundary”; “safe and just space”; “safe operating space”; and “safe and just oper-
ating space.” In doing so, the Doughnut Economics framework (the concept of “safe
and just operating space”) was included in this search because it is rooted in the Plane-
tary Boundaries framework and has been very successful among local authorities.

• For Google Scholar, adding restrictions (“-layer-protein-chemistry”) was conducted
to remove articles that were not relevant to this analysis and to limit the number of
articles to be filtered. The term “layer” associated with “planetary boundaries” refers
to computer modeling unrelated to the concept we are studying. The terms “protein”
and “chemistry” refer to applications of the concept of “planetary boundaries” linked
to a specific sector of activity. This does not correspond to the present research, which
studies the territorial application of Planetary Boundaries.

These three sources resulted in an initial corpus of over 2000 review articles. This
corpus was subsequently filtered, to extract relevant results.

2.2. Corpus Refinement

To ensure scientific rigor and relevance, four specific filters were applied to the initial
corpus (Table 1).
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Table 1. Literature review selection process and results.

Number of Review Articles Google
Scholar

Science
Direct

Previous
Research Total

Initial results 1980 77 17 2074

→ Filter A: Alignment with the territorial application of PB 54 61 17 132
→ Filter B: Substantial commitment to PB 42 18 16 76
→ Filter C: Peer-reviewed journals, Q1 36 18 13 67
→ Filter D: Relevance for localization and operationalization 31 12 13 56

→ Final corpus, number of review articles selected: 34

Source: Author’s own elaboration.

Filter A: Alignment with the research field

The title, keywords, and abstract were analyzed to eliminate articles whose main aim
was not related to the territorial application of the PBc. Articles focusing on the alignment
of economic sectors, companies, or products with the PBc were therefore excluded. To
maintain a global overview of the issues related to the downscaling of Planetary Boundaries
concept, the selection deliberately focused on articles addressing the concept as a whole,
rather than studies focusing on a single biophysical process (except two review articles,
one on biosphere integrity and the other on water).

Filter B: Substantial consideration of the PBc

An analysis of keyword frequency ensured that the PBc was not merely contextual
but was analyzed in the body of the article. Keywords used are as follows: “Planetary
Boundaries”, “Safe Operating Space”, “SOS”, “Safe and Just Operating Space”, “SJOS”,
“Doughnut”, and “planetary boundar*”.

Filter C: Quality and impact of journals

Only peer-reviewed review articles were selected. This ensures the scientific soundness
of the selected corpus and results. Priority was also given to journals ranked Q1 at the
time of publication. On this last point, two exceptions were made for reasons of relevance;
however, the journals from which these two exceptions were taken obtained a Q1 ranking
in the year following the article publication:

• Shao (2020), «Paving Ways for a Sustainable Future: A Literature Review» (Environ-
mental Science and Pollution Research) [12];

• Hossain and Ifejika Speranza (2019), «Challenges and Opportunities for Operational-
izing the Safe and Just Operating Space Concept at Regional Scale» (International
Journal of Sustainable Development & World Ecology) [13].

Filter D: Relevance for localization and local operationalization of the PBc

Only studies providing an overview of practical advances and obstacles to the local
operationalization of the PBc were selected.

2.3. Final Selection

Following this rigorous selection process, 34 review articles were selected. The final
corpus is detailed in Table 2.
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Table 2. Final corpus.

Ref. Title 1st Author Year

[11] The Boundaries of the Planetary Boundary Framework: A Critical Appraisal of
Approaches to Define a “Safe Operating Space” for Humanity Biermann F. 2020

[14] Review of life-cycle based methods for absolute environmental sustainability
assessment and their applications Bjørn A. 2020

[15] Global environmental change II: Planetary boundaries–A safe operating space for
human geographers? Brown K. 2016

[16] Revisiting the application and methodological extensions of the planetary boundaries
for sustainability assessment Chen X. 2021

[17] Dwelling in the biosphere: exploring an embodied human–environment connection
in resilience thinking Cooke B. 2016

[18] Significance of environmental footprints for evaluating sustainability and security
of development Čuček L. 2015

[19]
A development of intergenerational sustainability indicators and thresholds for
mobility system provisioning: A socio-ecological framework in the context of
strong sustainability

Dillman K.J. 2023

[20] Matching scope, purpose and uses of planetary boundaries science Downing A.S. 2019

[21] The double negative approach to sustainability Feitelson E. 2023

[8] Planetary Boundaries and the Doughnut frameworks: A review of their
local operability Ferretto A. 2022

[22]
Defining the “Positive Impact” of socio-technical systems for absolute sustainability:
a literature review based on the identification of system design principles and
management functions

Gebler M. 2022

[23] Benchmarking urban performance against absolute measures of
sustainability—A review Goodwin K. 2021

[24] Earth system justice needed to identify and live within Earth system boundaries Gupta J. 2023

[25] Review of Quantitative Applications of the Concept of the Water Planetary Boundary
at Different Spatial Scales Han S. 2023

[13] Challenges and opportunities for operationalizing the safe and just operating space
concept at regional scale Hossain M.S. 2019

[26] The uptake of the biosphere integrity planetary boundary concept into national and
international environmental policy Hurley I. 2020

[27] For an accounting translation of the Anthropocene: fuelling the debate on
planetary boundaries Jabot R. 2023

[28] Potentials and limitations of footprints for gauging environmental sustainability Laurent A. 2017

[9] The role of planetary boundaries in assessing absolute environmental sustainability
across scales Li M. 2021

[29] A review of collaborative planning approaches for transformative change towards a
sustainable future

Linnenluecke
M.K. 2016

[30] Assessing and enhancing environmental sustainability—a conceptual review Little J.C. 2016

[31] What is a footprint? A conceptual analysis of environmental footprint indicators Matuštík J. 2021

[32] A safe and just operating space for human identity: a systems perspective Oliver T.H. 2022

[6] Downscaling the planetary boundaries in absolute environmental sustainability
assessments—A review Ryberg M.W. 2020
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Table 2. Cont.

Ref. Title 1st Author Year

[12] Paving ways for a sustainable future: a literature review Shao Q. 2020

[33] How to conceptualize and operationalize resilience in socio-ecological systems? Sterk M. 2017

[34] Policy design for the Anthropocene Sterner T. 2019

[7] Downscaling doughnut economics for sustainability governance Turner R.A. 2022

[35] Horses for courses: analytical tools to explore planetary boundaries Van Vuuren
D.P. 2016

[36] Environmental footprint family to address local to planetary sustainability and
deliver on the SDGs Vanham D. 2019

[37] Framework to define environmental sustainability boundaries and a review of
current approaches Vea E.B. 2020

[10] City footprints and SDGs provide untapped potential for assessing city sustainability Wiedmann T. 2021

[38] A planetary boundary-based environmental footprint family: From impacts
to boundaries Wu L. 2021

[39] The Progress and Prospects in the Scenario Simulation Research on the Sustainability
of Regional Ecosystem Services Based on a “Safe Operating Space” Zhang X. 2023

Source: Author’s own elaboration.

3. Characteristics of the Selected Corpus
3.1. Interdisciplinarity

To assess the interdisciplinarity of the corpus, we analyzed the terms used in the title
of the organizations represented by the authors of the selected articles. The IraMuTeQ
software helped to determine the occurrence of terms, while the disciplinary classification
of terms was based on the European Research Council’s categorization [40]. This method
provides a qualitative assessment of the primary field to which terms with an occurrence
of more than 1% referred. It should be noted that the classification of terms is considered
independently of the content of the article. This classification is therefore qualitative and
cannot be considered quantitative information.

The most frequent terms are related to physical and engineering sciences, but social
sciences, humanities, and life sciences are also represented (Figure 1).

environmental
economics

management

environment
engineering

technology
assessment

public 
biological

social 
natural

systems
international

law
water

society

civil
cycle

geography

affairs
quantitative development

sustainable
climate

business

Figure 1. Representation of scientific fields addressing Planetary Boundaries. Legend: the colors
refer to scientific fields according to the European Research Council’s categorization: green for
“Physical Sciences and Engineering”; orange for “Social Sciences and Humanities”; and purple for
“Life Sciences”. Source: Author’s own elaboration.

3.2. Geographical Distribution

The geographical scope of the corpus was assessed by listing the countries where the
organizations represented by the authors of the selected articles are based. When an author
contributed to several articles, the country of the institution represented was counted as
many times as necessary. All continents are represented (Figure 2).
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Figure 2. Geographical distribution of the countries where the organizations represented by the
authors of the selected articles are based, in terms of frequency. Source: Author’s own elaboration.

The analysis shows an unequal geopolitical distribution, with a strong predominance
of OECD countries (88%). This regional imbalance reflects broader structural disparities
in global sustainability research, where high-income countries dominate scientific output
production. Nevertheless, the inclusion of studies from all continents provides a relatively
diverse set of perspectives, which is essential for analyzing the downscaling of Planetary
Boundaries concept across various social and environmental contexts.

3.3. A Critical Perspective on Planetary Boundaries

In addition to its interdisciplinary nature and international scope, the selected corpus
is open to to other concepts, frameworks, and analytical tools:

• In total, 29% of the corpus deals with the following: footprints; life cycle assessment,
and absolute environmental sustainability assessment (AESA).

• In total, 26%: Sustainable development goals and the concept of sustainability.
• In total, 24%: Doughnut economics.
• In total, 12%: Systems analysis (SES, socio-technical systems) and systemic modeling;

putting the PBc into perspective with environmental policies, types of governance,
and participatory approaches.

In conclusion, the interdisciplinary nature and geographical diversity of the selected
corpus minimizes disciplinary and cultural biases and ensures a broad and inclusive
assessment of the localization and local operationalization of the Planetary Boundaries
concept. Furthermore, comparing this concept with other frameworks, tools, and concepts
reduces intellectual silos and opens up new perspectives.

By founding this study on this corpus, the authors aim to better understand the main
issues related to the downscaling of the PBc.
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4. Method for Identifying Issues Related to the Downscaling of Planetary
Boundaries Concept

As detailed in the previous sections, the methodology employed for the selection of
the review articles was meticulously defined, and the characteristics of the resulting corpus
were ascertained. The corpus exhibits four defining characteristics: international scope,
multidisciplinary breadth, scientific rigor, and comprehensive and critical approach both for
the Planetary Boundaries concept (PBc) and the issues associated with its downscaling. This
corpus and its characteristics thus constitute a substantial empirical basis for corroborating
the data collected during the review of the 34 articles.

To ensure the rigorous extraction of relevant data, a four-step methodology was
implemented. This systematic approach enables the identification, organization, and
presentation of the challenges inherent in the localization and local operationalization of
the PBc, as illustrated in Figure 3.

 

PHASE 4

PHASE 3

PHASE 2

PHASE 1

FLOWCHART FOR SELECTING AND CLASSIFYING ISSUES RELATED TO THE PROCESS OF 
DOWNSCALING PLANETARY BOUNDARIES

READING OF SELECTED LITERATURE REVIEWS

SELECTION OF PARAGRAPHS addressing the downscaling of the Planetary Boundaries concept (PBc).

Compilation of extracts related to the LOCALIZATION
Issues related to methodological questions or to the existence of 

options.

CATEGORIZATION of extracts according to the topics covered.

SELECTION OF EXTRACTS relating to issues linked to downscaling: 
methodological options; questions; gaps; lack of consideration of some aspects; opportunities; suggestions for improvement.

Compilation of extracts related to the LOCAL OPERATIONALIZATION
Absence or low consideration of specific aspects related to the local 

operationalization of the PBc.

CATEGORIZATION of extracts according to the topics covered.

CATEGORY DESIGNATION following extract analysis. CATEGORY DESIGNATION following extract analysis.

PRESENTATION of the main categories of issues related to the 
localization of PBc.

Table containing category title, information about the category, list of 
articles, number of articles, and rate of occurrence in the corpus.

PRESENTATION of the main categories of issues related to the 
operationalization of PBc.

Table containing category title, information about the category, list of articles, 
number of articles, rate of occurrence in the corpus.

Figure 3. Methodological flowchart for the analysis of selected articles. Source: Author’s own elaboration.

4.1. Phase 1: Data Collection

The first phase consisted of an exhaustive review of the selected corpus to identify
paragraphs addressing the challenges of downscaling Planetary Boundaries. Through
paragraph analysis, we identified recurring challenges including methodological options,
theoretical questions, knowledge gaps, research suggestions, and emerging approaches.

4.2. Phase 2: Localization or Local Operationalization

The extracts obtained in phase one were separated into two groups: the localization
(local representation or adaptation) and the local operationalization (local actions aligned
with the global concept).
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The extracts related to localization mainly discussed questions, divergences, or options.
They refer to technical parameters related to methods used for representing the PBc locally.

The extracts on local operationalization address the difficulties in developing actions
or decision making aligned with the PBc. The extracts mainly refer to the absence or low
consideration of aspects that are necessary or useful for this aim.

4.3. Phase 3: Categorization

In this phase, each of the issues was organized and classified according to specific
themes, based on a qualitative analysis of the selected extracts. This approach allowed us to
generate themes in an evolutionary way, adjusting and refining the categories as the analysis
progressed. This dynamic process provides an accurate and nuanced representation of the
issues at stake.

4.4. Phase 4: Presentation

After organizing the extracts, titles were assigned to each theme: in the form
of a question for those related to localization, and of a gap for those related to
local operationalization.

This phase resulted in two structured tables showing the challenges of localization
and local operationalization of the PBc. For each theme, the tables give the reference and
number of review articles that cover it, as well as its frequency in the corpus.

4.5. Examples

Here are two representative examples illustrating the method:

• “This demonstrates that a scale for localized planetary boundaries needs to be chosen
that makes absolute sustainability assessment meaningful and comparable.” (Wied-
mann and Allen, 2021) [10]. This extract addresses a choice related to localization
(“localized planetary boundaries”) and concerns the theme of scale.

• “For this reason, measuring urban environmental boundaries should take into account
the threshold behaviors as well as social priorities within various forms of cities.”
(Chen et al., 2021) [16]. In this extract, we identify a suggestion for improving op-
erationalization: “take into account threshold behaviors as well as social priorities.”
This fits into a theme related to better consideration of local stakeholders and the
social context.

5. Results
Through the systematic analysis of the corpus, this section presents the empirical

findings, listing the issues related to the downscaling of the Planetary Boundaries concept,
their category, and their occurrence.

The analysis of 34 review articles identified a wide range of issues related to the
downscaling of the Planetary Boundaries concept (PBc), which can be divided into two
main groups: methodological issues of localization and gaps hindering the local operability
of the PBc.

5.1. The Questions About Localization

Methodological issues (Table 3) focus on how to adapt the PBc to local contexts or how
to produce localized representations of them while maintaining their global relevance.
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Table 3. Classification of the main issues in the localization of the Planetary Boundaries concept.

Review Articles
IL n◦ Key Issues in the Localization of the Planetary Boundaries Concept

Available Options (Non-Exhaustive list) or Additional Information List Total %

1
What is the right scale?

What geographical scope? Global, continental, national, subnational?
Multiregional, cross-border?

[6–8,10,11,13–
17,20,21,25,26,30,33–36,38,39] 21 62

2 What are the characteristics of this method? [7–11,14–16,19–23,25,27,31–
34,37,39] 21 62

2.a Methodology: Bottom-up, top-down, or mixed?
[7–11,14,16,20–22,25,31–
33,37,39] 16 47

2.b

Other characteristics of the method:

- General or specific, fixed or adaptable?
- Integrated? Systemic?
- Analysis based on consumption or production?
- Technocratic or democratic development and application?

[7–10,15,19–21,23,27,34] 11 32

3

How to determine local boundary values?

- How should limits be shared?
- How should the level of responsibility be assessed?
- What ethical principles should guide the calculation of sharing? For

which processes?
- What denominators should be used to share limits?
- What time scope should be considered? How should changes in

global boundaries be considered?
- What are the criteria for determining the boundary value for

each process?

[6–11,13–
16,20,21,23,27,28,31,36,38] 18 53

4

How can consistency be maintained between the global concept, its local
representations, and the local context?

- How can the global concept be made relevant at all levels? How can
its global scope be linked to the countless specific features of
local contexts?

- How can local specificities be respected when downscaling the
global framework?

- How can the issues and constraints of local governance be linked to
global challenges?

[7,8,11,13,15,16,20,21,25,27,30,
33–35,38] 15 44

5
Which indicators?

True to the local context or identical to the originals? Aggregated
or not?

[7,8,10,13,14,16,18,19,21,23,25,27,
36,38] 14 41

6
What type of area should be assessed?

Administrative, natural, or mixed areas?
[8,11,13–15,20,21,26,33–36,39] 13 38

7 Should a standardized method be developed? [6,8–10,13,14,20,28,34,37] 10 29

8
What are the qualities of data to prioritize?

Availability; traceability; levels of uncertainty; democratic
quality; accessibility?

[7,10,13,14,16,19,25] 7 21

9
Should new biophysical processes or environmental issues be added?

Materials; food production; issues specific to the area studied. . .
[7,9,11,21] 4 12

10 How can time be integrated into the method? [13,25,35] 3 9

Source: Author’s own elaboration.

The first issue raised, discussed in 62% of the review articles selected, concerns the
scale at which the PBc should be applied. Its localization requires in-depth reflection on the
most appropriate administrative scale, whether national, regional, or local, and on how to
spatialize data to adapt the boundaries to local realities.
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Another major challenge, also addressed in 62% of the corpus, focuses on the method-
ological characteristics of the localization approach. Among these challenges, the first
concerns the direction of the method (50%): should we favor a bottom-up approach, which
considers the realities of local stakeholders, or a top-down approach, based on global
policies and the global framework of Planetary Boundaries (PBf)? The second set of ques-
tions (32%) concerns other possible characteristics of the methods used. Should a fixed
method be favored, identical regardless of the scale or territory studied, or should methods
be adapted to local specificities? This question addresses the approach’s nature: should
experts dominate (technocratic), or should local stakeholders participate (participatory)?
The choice between consumption-based and production-based analysis represents another
central element.

These reflections are accompanied, in 53% of the corpus, by ethical and practical
issues, mainly related to the sharing of the global boundary values of the PBf between local
entities. This raises necessary questions about the responsibility, at various time scales, of
local stakeholders in exceeding the boundary values and about the ethical principles to be
followed to ensure a fair distribution of constraints.

In this context, maintaining consistency between the global and local scales, high-
lighted in 44% of publications, is a key challenge, as it is linked to most of the other
challenges listed in Table 3, particularly those relating to the relevant scale, processes,
indicators, the direction of the method, and the nature of the area being assessed. This issue
therefore calls into question the ability to establish consistency between local characteristics,
the local representation of PBc, and the relevance of the global framework.

In line with the previous challenge, 41% of articles address a point of tension concern-
ing the choice of which indicators to prioritize: should global indicators be retained, even
though they may be too general and lack consistency with the local context, or should they
be adapted to better reflect local specificities but lose their link with the global framework?

Similarly, 38% of articles link this consideration to the question of the preferred
type of scale: administrative (municipal, regional) or natural (ecosystem, biological
unit, watershed)?

In 29% of articles, the standardization of methods for localizing the PBc is identified
as a major challenge. Although a standardized method ensures data consistency, it may
not take local specificities into account.

In relation to the question of indicators, 21% of articles question the quality of the data
used to measure the PBf locally. The availability of data, its accessibility, its monitoring
over time, and the associated uncertainty are essential elements in ensuring a reliable local
assessment of the PBf.

For 12% of the corpus, the issue raised by the choice of indicators also applies to the
choice of biophysical processes. Indeed, it may be relevant to integrate new issues specific
to each territory, whether or not they are related to the global processes of the PBf.

Finally, some articles (9%) raise questions about the temporal continuity of the down-
scaling of the PBc.

In conclusion, Table 3 shows that there are numerous methodological issues surround-
ing the localization of the PBc. They focus on 10 major themes: the right scale; the technical
characteristics of the method; the sharing of boundary values; the consistency between
scales; the choice of indicators; the nature of space; the standardization; the data quality;
the environmental issues; and the integration of future developments. Ultimately, most
of the challenges associated with localizing the PBc are related to maintaining consistency
among scales, as mentioned in the article by Ferretto [8]. This challenge is central to the
localization of planetary boundaries but also to their local operationalization. It influences
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the local relevance of these global challenges and, in doing so, affects their uptake by
local stakeholders.

5.2. Gaps in the Local Operationalization of Planetary Boundaries

In the process of downscaling the Planetary Boundaries concept (PBc), we suggest that
its localization is a prerequisite for its local operationalization, i.e., the development of local
responses aligned with the global challenges of this concept. Following the localization
issues, we have therefore categorized the major issues related to the local operationalization
of the PBc (Table 4).

Table 4. List of gaps for better local operationalization of Planetary Boundaries.

Review Articles
OI n◦ Issues in the Local Operationalization (OI) of the Planetary Boundaries Concept

List Total %

1 Local stakeholders (decision-makers, method users, citizens, residents) can be
considered and mobilized.

[6–9,11–17,19–
21,24,27,29,32,34,39] 20 59

2 Limited understanding of local socio-environmental dynamics. [7,9,13,15–17,20,21,
25,29,33,34,37] 13 38

3 Low legitimacy of the concept on a local scale: absence from legal texts; limited
political support; lack of relevance on a local scale due to its global nature.

[7,10,11,13,15,19,20,
24,34] 9 26

4 There is little consideration of the need to rethink governance within and between
organizations and to implement appropriate policies. [7,11,13,19,20,29,34] 7 21

5 No clearly defined aims for the context. [7,19,20,29,34] 5 15

6 Underestimation of the resources required (financial, human, intellectual). [7,10,19,34] 4 12

7 No consideration of how to maintain the approach over time. [7,9,21] 3 9

8 Lack of transparency regarding the characteristics and uncertainties of the method. [14,27] 2 6

Source: Author’s own elaboration.

The literature reveals insufficient stakeholder engagement as the primary impediment
(59% of corpus), encompassing decision-makers, citizens, and community representatives—
constituencies whose involvement proves essential for the development and operational-
ization of responses.

Another key issue is the difficulty of adapting the PBc to local realities (38% of the cor-
pus). Local socio-environmental dynamics vary considerably depending on geographical
contexts. This diversity makes adapting the PBc to each context unique and particularly
complex. This difficulty widens the gap between global aims and practical solutions at the
local scale, thereby compromising their effectiveness.

A third major obstacle observed is the lack of legitimacy of the PBc for local stakehold-
ers (26%). This can be deduced from the absence of legal obligations (e.g., there is no law
requiring planetary boundaries to be assessed at the local scale), weak political support
(e.g., the concept is not supported by politicians), and a perceived lack of relevance to the
territory (e.g., it is a concept designed for the global scale and therefore disconnected from
local specificities).

Another important gap is the need to rethink the governance and organization of local
institutions (21%) to better integrate the PBc. These review articles highlight the importance
of rethinking local governance structures. This involves reflecting on how local institutions
can better collaborate and coordinate their actions to effectively integrate the PBc into local
public policies and strategies.

It also appears that some practical issues need to be addressed to ensure the local
success of the PBc. Among these, the lack of clear and appropriate goals (15%) can lead
to scattered and ineffective efforts, as well as an underestimation of the resources (12%)—
financial, human, and intellectual—needed for their effective operationalization at the local
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scale. Furthermore, the sustainability of the approach remains uncertain. Nine percent of
articles mention the lack of strategies to maintain this approach over time.

Finally, another challenge concerns transparency regarding the methods used to
localize the PBc and the associated uncertainties (6% of the corpus). This raises doubts
about the validity and impartiality of the process.

In summary, this study identifies several obstacles to the local operationalization of
the planetary boundaries concept (PBc). The main obstacle is the low level of commitment
among local stakeholders, partly due to the difficulty of adapting the concept to local
contexts, to its lack of legitimacy, and to the inadequacy of governance structures. Added to
this are the absence of clear goals, the lack of resources, the uncertainty about the durability
of the approach over time, and a lack of transparency in the applied methods. Some of
these issues have already been highlighted in the previous sections and compromise the
effectiveness of PBc integration at the local scale.

In conclusion, by analyzing selected review articles, this study identifies and organizes
the issues related to the adaptation or local representation of the PBc (Table 3), as well as
the development of concrete actions aligned with this concept (Table 4).

6. Analysis of Results and Theoretical Contributions
Moving from description to interpretation, this section analyzes patterns deriving from

the empirical results and describing the relationship between the localization approach used
and the operational results achieved. In doing so, it develops three theoretical contributions
that clarify the central question of this paper: does the biophysical dimension of the
Planetary Boundaries framework (PBf) hinder the local operationalization of the Planetary
Boundaries concept (PBc)?

In the first part, based on the issues raised by localization, we highlight the existence of
a prevalent approach to PBc localization. In the second part, the challenges to operational-
ization are linked to three categories of constraints, which shed light on their underlying
causes. In the third part, by linking these categories of constraints to the characteristics of
the prevalent approach, we reveal an inherent contradiction: although designed to drive
the local operationalization of the PBc, this localization approach tends, ultimately, to limit
its effective operationalization. This concept is referred to as the “operational paradox” of
the prevalent approach to PBc localization.

6.1. A Prevalent Approach to Localizing Planetary Boundaries Concept

In the introduction to this article, we emphasized the need to operationalize the PBc
at the local scale. However, this cannot be achieved without adapting the concept to the
specific local contexts (localization). This localization has two components: first, identifying
the object to be localized—that will be represented locally—and second, transforming this
object that is supra-local in nature into an object that has meaning in the local context.

In this study, an “object” refers to a concept or its components that will be measured,
analyzed, or adapted during localization. For the PBc, this may correspond to the complete
concept, or to some of its components, such as biophysical processes; boundary values of
indicators; indicators; the system under study; or the notion of “Safe Operating Space for
Humanity.” Considering the issues associated with the localization of the PBc, as described
above (Table 3), the objects that appear to be most studied are indicators and boundaries
(Table 5). These objects are among the seven key components of the PBf: system, reference
state, biophysical processes, indicators, thresholds, boundaries, and state of processes. It is
relevant to note that two components of this framework are not among the transformed
objects: “system” and “reference state”. However, these components have the particularity
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of not being described by numerical data. Consequently, we conclude that the quantified
or quantifiable components of the PBf have been prioritized in localization efforts.

Table 5. Main objects and transformations used to locate Planetary Boundaries in relation to localiza-
tion issues.

Constituents of the Localization ProcessKey Issues in the Localization of Planetary Boundaries

Available Options (Non-Exhaustive List) or Additional Information
%

Localized Object Transformation Used to Locate the Object
What is the right scale?

What geographical scope? Global, continental, national, subnational?
Multiregional, cross-border?

62 The questions of scale and geographical scope
seem to point towards spatialization.

What are the characteristics of this method? 62

Methodology: Bottom-up, top-down, or mixed? 47 The boundary value of
indicators.

Transformation is closely linked to the direction
of the method: top-down implies sharing;
bottom-up favors contextualization.

Other characteristics of the method:

- General or specific, fixed or adaptable?
- Integrated? Systemic?
- Analysis based on consumption or production?
- Technocratic or democratic development and application?

32
These questions seem to focus
on a numerical object
(statistical data).

The standardization of a method is often based
on statistical data and therefore favors
transformation through quantification.

How to determine local boundary values?

- How should limits be shared?
- How should the level of responsibility be assessed?
- What ethical principles should guide the calculation of sharing? For

which processes?
- What denominators should be used to share limits?
- What time scope should be considered? How should changes in global

boundaries be considered?
- What are the criteria for determining the boundary value for

each process?

53

All the questions show the
importance attached to the
components of the
biophysical framework of
the Planetary Boundaries,
and, in particular, the
boundary values.

Sharing.

How can consistency be maintained between the global concept, its local
representations, and the local context?

- How can the global concept be made relevant at all levels? How can its
global scope be linked to the countless specific features of local contexts?

- How can local specificities be respected when downscaling the
global framework?

- How can the issues and constraints of local governance be linked to
global challenges?

44
Planetary Boundaries
framework; process
boundary values

This question refers to the direction of the
method: top-down implies sharing; bottom-up
favors contextualization.

Which indicators?

True to the local context or identical to the originals?
Aggregated or not?

41 Indicators

Should we give priority to the original indicator,
with no transformation, or redefine it to take
account of specific local environmental factors
(contextualize the indicator)?

What type of area should be assessed?

Administrative, natural, or mixed areas?
38 Spatialization

Should a standardized method be developed? 29 Standardization often requires quantified objects that involve local quantification
as a transformation.

What are the qualities of data to prioritize?

Availability; traceability; levels of uncertainty; democratic
quality; accessibility?

21 The importance of issues related to the characteristics of numerical data confirms
the importance of quantification.

Should new biophysical processes or environmental issues be added?

Materials; food production; issues specific to the area studied. . .
12 Processes

Should priority be given to global biophysical
processes, no transformation, or should they be
redefined to take account of local environmental
specificities (contextualization), or should
additional processes be added
(contextualization)?

How can time be integrated into the method? 9

Source: Author’s own elaboration.

The second component of the localization process, “transformation,” refers to the
adjustments needed to adapt objects to the local context.

Table 5 presents the transformations associated with each localization issue. We
identify four types:

• Sharing: Distributing numerical objects using local statistical data (quantification).
• Contextualization: Redefinition of the object in relation to the context.
• Spatialization: Cartographic representation of the object (quantification).
• No Transformation: The localized object is identical to the global object.
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When seeking to adapt the Planetary Boundaries framework (PBf) to the local scale,
objects can be transformed in different ways. Sharing and Spatialization are approaches
that use the quantification of objects: for example, a global boundary value (such as a
maximum amount of CO2 emissions) can be distributed across a defined administrative
scale. Contextualization, on the other hand, may also use numerical data, but it works
differently. It does not simply apply a piece of data to a smaller scale; it seeks to rethink the
global object in terms of local characteristics, whether environmental (type of ecosystem),
social (inequalities, local uses), or cultural. In addition, the choice of transformation is also
linked to the type of object being localized. If the object is already measured or measurable
(such as a numerical boundary value defined in the PBf), quantification tends to be chosen
because it is directly applicable. But if the object is more conceptual—such as the notions of
“system” or “reference state”—then Contextualization appears more relevant, as it allows
for finer adaptation to the local reality. In practice, however, it is primarily the quantified
elements of the global framework that are subjected to localization. This explains why
quantification is currently the most widely used form of transformation.

At the same time, from a methodological perspective, Contextualization requires a
bottom-up method to question the relevance of the object in relation to the context being
studied. Sharing mainly uses a top-down approach, allocating a share of the global object
to each local context. Spatialization mainly uses a mixed method, as it mainly builds on the
Sharing but also requires in-depth knowledge of some characteristics of the context.

For example, local boundary values are mainly obtained by sharing global boundary
values. However, they can be contextualized by redefining a boundary value derived from
local environmental constraints. Indicators and processes are either identical to those in the
global framework (no transformation) or modified or created to take account of the local
environmental context (contextualization).

The localization issues presented in Table 5 seem to indicate that all four transfor-
mations are being questioned. However, a standardized method cannot be bottom-up,
given the countless particularities of local contexts. Furthermore, issues relating to the
standardization of data characteristics highlight the importance of local, numerical, and
harmonized objects, which also suggests the use of a top-down method. However, of the
four transformations discussed in Table 5, only Sharing and Spatialization can adopt a
top-down method. This analysis therefore suggests that local quantification is the most
prevalent transformation.

In summary, objects are the elements to be adapted to the local context, while transfor-
mations refer to the processes through which these objects are adapted to local specificities.
On this basis, the analysis of issues related to the localization of the Planetary Bound-
aries concept (PBc) leads us to identify a privileged localization approach, which uses
the quantification as a transformation, and the numerical components of the Planetary
Boundaries biophysical framework (PBf) as objects (indicators, limits). We thus identify
the local quantification of the biophysical PBf as the localization approach of the PBc that
prevails among the experiments conducted until December 2023.

6.2. Categories of Constraints in the Local Operationalization of the Planetary Boundaries Concept

An analysis of local PBc operationalization issues reveals three main categories of
constraints that shed light on the current boundaries of localization. Table 6 summarizes
these constraints as follows: insufficient consideration of the local context, weak social
anchoring of the concept, and limited uptake of the concept and localization methods by
stakeholders. These three categories highlight both theoretical and practical limitations
that hinder the effective operationalization of the PBc on a local scale.
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Table 6. Categories of constraints hindering the local operationalization of Planetary Boundaries.

Categories of Constraints
Issues in the Local Operationalization (OI) of the

Planetary Boundaries Concept (PBc) % Consideration of
the Local Context

Social Components
of the PBc

Uptake by Local
Stakeholders

Local stakeholders (decision-makers, method users,
citizens, residents) can be considered and mobilized. 59 OI.1

Limited understanding of local
socio-environmental dynamics. 38 OI.2

Low legitimacy of the concept on a local scale: absence
from legal texts; limited political support; lack of
relevance on a local scale due to its global nature.

26 OI.3 OI.3 OI.3

There is little consideration of the need to rethink
governance within and between organizations and to
implement appropriate policies.

21 OI.4

No clearly defined aims for the context. 15 OI.5

Underestimation of the resources required (financial,
human, intellectual). 12 OI.6

No consideration of how to maintain the approach
over time. 9 OI.7

Lack of transparency regarding the characteristics and
uncertainties of the method. 6 OI.8

Source: Author’s own elaboration.

6.2.1. Full Consideration of the Local Context

From a conceptual perspective, a lack of consideration and understanding of local
socio-environmental dynamics (OI.2, 38% of the corpus) is a major impediment to adapting
global aims to local realities. This is also true for the weak institutional and political legiti-
macy of the PBc’s downscaling approach (OI.3, 26%). Without good alignment between the
proposed solutions and local contexts, application of the PBc becomes less relevant and
less effective.

From a practical perspective, it is necessary to consider the resources required (OI.6,
12%), whether financial, human, or intellectual, to localize the Planetary Boundaries and
ensure their effective operationalization at the local scale. This issue is further accentuated
by the time dimension (OI.7, 9%): it is essential to ensure the sustainability of the approach
by reassessing and updating it regularly and by developing long-term actions.

6.2.2. Development of Social Components Specific to the PBc

The issue of the concept’s legitimacy (OI.3, 26%) requires making it more under-
standable and accessible to stakeholders, taking into account the specific characteristics
of the territory. This issue stems from the lack of connection between the global con-
cept and the social and societal aspects of the context. Indeed, this concept is largely
absent from legal texts, receives little support from political stakeholders, and, due to its
global nature and the prevalence of its biophysical dimension, is disconnected from local
socio-environmental realities.

Moreover, local governance needs to be rethought (OI.4, 21%) to better integrate
the PBc into public policies. It is therefore essential to review the organization of local
institutions and develop appropriate policies to ensure that the PBc is effectively considered
in local decisions.

Finally, several articles highlight the need to explain the aims of the PBc for the
territory (OI.5, 15%). Clear goals are needed to effectively guide the actions to be taken
and to improve stakeholders’ understanding of the concept. Indeed, only the compliance
with the boundary values of global biophysical processes is implemented in the PBc’s scale
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change approach. The integration of social objectives specific to the concept could give
more meaning to this approach.

The local operationalization of the PBc therefore suffers from the absence of social
components specific to the concept that could connect it to the territories: regulatory
integration; political support; impacts on governance; and social goals and consequences,
including the social transformations necessary to respect the biophysical objectives of
the PBf.

6.2.3. Uptake of the Concept and Localization Method

One of the main issues in local operationalization is the underestimation of the role of
key stakeholders such as decision-makers, residents, and all other actors that are supposed
to use the method (OI.1, 59%). This lack of involvement and effective acknowledgement
of local stakeholders has a direct impact on the effectiveness of Planetary Boundaries
operationalization at the local scale. Indeed, without active mobilization, it is difficult
to ensure the uptake of the PBc by the local community, which ultimately hinders their
integration into local practices.

Finally, the uptake of the PBc and the downscaling process by local stakeholders is
hindered by the low level of consideration and involvement of local stakeholders, their
lack of legitimacy in the territory (OI.3, 26%), and a lack of transparency in the localization
methods (OI.8, 6%). However, the previous categories of constraints also have conse-
quences for uptake. Indeed, full consideration of the local context and the development
of social components specific to the PBc that are capable of connecting it to the context
contributes to its uptake by local stakeholders, who are the main protagonists of the local
operationalization of the PBc.

This reflection on the lack of a social component in the localization of the PBc echoes
the analysis of the multidisciplinary nature of the selected corpus. Indeed, the apparent
underrepresentation of explicit social science terminology in the selected corpus paradoxi-
cally validates our central argument. This pattern reveals how discourse on the localization
of the PBc often addresses social challenges through technical language—a ‘depoliticized’
framing that may itself contribute to operational failures by obscuring power relations
and social conflicts inherent in sustainability transitions (Swyngedouw, 2010) [41]. The
marginalization of social sciences in the PBc literature—as confirmed by Downing et al. [20]
who note that ‘human dimensions’ remain a major gap—illustrates the very problem we
diagnose: the dominance of biophysical interpretation that hinders local operationalization.

6.3. The Operational Paradox of the Prevalent Approach to the Localization of the PBc

The previous sections have provided two essential contributions. First, a critical
interpretation of how the Planetary Boundaries concept is localized, showing that the
prevalent approach is mainly based on the transposition to the local scale of numerical
thresholds derived from the global biophysical framework. Second, an analysis of the
structural obstacles to local operationalization, emphasizing how it remains hindered
by a lack of consideration of territorial specificities, the absence of social components
clearly integrated into the conceptual framework, and the lack of commitment or uptake
by local stakeholders.

Connecting these two contributions reveals a critical link: emphasizing PBf biophysical
components during PBc localization creates the constraint categories that hinder local
operationalization. As a result, the emphasis on the purely biophysical dimension is
directly correlated with the absence of social components specific to the PBc. Furthermore,
the decision to quantify the numerical components of the PBf, using a top-down approach,
allows the designer of the localization method to minimize the importance of the local
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context, or even to carry out the localization solely “in the lab.” In these conditions, the
local context is given very little consideration, and local stakeholders are rarely involved in
the localization process, which hinders their uptake of the PBc and of the method used to
localize it.

As a result, the prevalent localization approach appears to generate constraints to local
operationalization, or at least fails to remove them. This contradicts the fundamental pur-
pose of PBc localization: to stimulate the development of local actions aligned with the PBc.
In conclusion, the third contribution of this article is to identify a paradox: “the operational
paradox of the prevalent approach to localizing the concept of Planetary Boundaries.”

It is relevant to note that this operational paradox, conceptually defined in the present
research, can also be identified in concrete documented localization attempts. Three
experiments can illustrate this phenomenon:

1. Hossain and Ifejika Speranza (2019) [13], drawing on Häyhä et al. (2016) [42], highlight
that “Though the initial delineation of SOS and SJOS was derived by the scientific community,
designing SJOS for SES is often an ethical and political choice, as making the SJOS operational
entails the engagement of relevant actors who operate at national and regional scales.” This
example demonstrates that operationalizing the PB is fundamentally an ethical and
political choice requiring local and regional stakeholder commitment. Top-down
quantitative approaches minimize their roles in the design process, creating buy-in
deficits that hinder local operationalization. In other words, this case study highlights
how the technical sophistication of quantification, far from facilitating operational-
ization, can paradoxically hinder it by excluding those who should implement it on
the ground.

2. Turner and Wills (2022) [7] report from Cornwall: “Our involvement in this process of
applying the doughnut framework in Cornwall has illuminated the challenges identified in the
literature (. . .) Representing, understanding and responding to complex systems: identifying
goals and monitoring progress is hampered by a lack of suitable data, targets and indicators at
a county scale, as well as conflicting views among Leadership Board partners around which
indicators are most appropriate. Many national datasets are unavailable locally, and for some
domains, no appropriate available indicators could be identified. Available indicators predom-
inantly assess relative progress rather than change in relation to goals or limits, for which
locally appropriate values are difficult to determine.” The Cornwall experience provides a
concrete example of the mismatch between the technical ambitions of the Planetary
Boundaries framework and local operational realities. The lack of appropriate data,
the absence of relevant indicators at the territorial scale, and disagreements among
partners on the choice of metrics reveal that the focus on quantification creates practi-
cal obstacles. The pursuit of technical precision (locally appropriate boundary values)
becomes counterproductive in the face of complex local systems; thus, an approach
based solely on quantified indicators can hinder its own operationalization.

3. Hossain and Ifejika Speranza (2019) [13] illustrate how universal indicators can have
contradictory meanings across territorial contexts by demonstrating how shrimp farm-
ing simultaneously represents environmental degradation in mangrove regions and
essential livelihood provision in highly saline areas. This duality reveals the impossi-
bility of applying universal indicators without considering the territorial and social
context. The example demonstrates that a purely biophysical approach, by ignoring
the specific social dimensions of territories, can generate contradictions that make
operationalization not only difficult but conceptually impossible in some contexts.

These examples reveal the mechanism of the operational paradox. The technical
sophistication increases the precision of results but reduces accessibility to the method.
It creates scientifically robust metrics, which might be misaligned with governance in-
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struments, and generates harmonized indicators that could obscure local meanings and
overshadow the specificities of local contexts. This operational paradox also reflects deeper
tensions within contemporary environmental governance: between scientific legitimacy
and democratic legitimacy, between universal knowledge and localized knowledge, be-
tween technical solutions and social dynamics. This is not linked to a poor implementation
but to fundamental assumptions about how global frameworks should guide local action:
assumptions that prioritize measurement over meaning, precision over participation, and
standardized solutions over locally tailored responses. Recognizing these tensions calls
for a rethinking of policy frameworks, with a greater emphasis on territorial anchoring,
stakeholder inclusion, and the co-construction of sustainability trajectories.

7. Discussion
This section summarizes the main results of this research and the theoretical insights

that emerge from them. It organizes the key elements of the analysis in a summary diagram
(Figure 4) and offers concrete suggestions to overcome the identified obstacles to local
operationalization of the Planetary Boundaries concept (PBc). By connecting the currently
prevalent localization approach—based on top-down quantification of the numerical com-
ponents of the biophysical framework (PBf)—with the main obstacles encountered in the
operationalization attempts, this section paves the way for three complementary proposals.
These invite us to reconsider not only the objects and the transformation modalities chosen
for localization but also the very interpretation of the Planetary Boundaries concept itself.
This last point requires to make explicit the social dimension inherent to the PBc, and to
detail its components in order to integrate them into the objects to be localized on equal
footing with the biophysical components. Together, these proposals outline an innovative
orientation for future research work on the local operationalization of the PBc.

Figure 4. Interactions between the prevalent approach to localizing the Planetary Boundaries con-
cept, its interpretation, and the issues related to its local operationalization. Source: Author’s
own elaboration.
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From top to bottom, Figure 4 follows the logical sequence of the three steps of the
PBc downscaling process: Interpretation of the concept, Localization, and local Opera-
tionalization. In the Interpretation step, we distinguish between the Planetary Boundaries
concept (PBc) and its purely biophysical interpretation developed within the Planetary
Boundaries framework (PBf), which consists of seven components: system, reference state,
biophysical processes, control variables, thresholds, boundaries, and state of processes. In
the Localization step, we identify an object to be localized and a transformation that adapts
this supra-local object into a local one. In doing so, the existence of a prevalent approach to
PBc localization emerges (first contribution): the top-down quantification (transformation)
of the numerical components of the PBf (objects: indicators and boundary values). This
demonstrates that the objects used in the prevalent localization approach stem from an
exclusively biophysical interpretation of the PBc. Regarding local operationalization, issues
are grouped into three families of constraints (second contribution): integration of the local
context; development of social components in the PBc; and appropriation of the localization
concept and method by local stakeholders. The comparison of these two theoretical contri-
butions leads to the identification of the operational paradox of the prevalent approach to
PBc localization (third contribution).

7.1. Testing the Hypotheses

This graphical summary of this article’s contributions (Figure 4) highlights the rele-
vance of the three hypotheses formulated in the introduction and draws some key theoreti-
cal implications.

The top-down quantitative approach does indeed hinder local operationalization, thus
confirming the second hypothesis; not only does this approach fail to overcome the issues
of local operationalization inherent in downscaling, it also creates additional obstacles by
marginalizing local stakeholders and ignoring contextual specificities.

The first hypothesis suggested that purely biophysical PBc interpretation favors quan-
tification. However, results show this prevalent tendency is not inevitable. Within the
biophysical framework itself, non-quantifiable components like ‘system’ or ‘reference
state’ offer alternative paths. These qualitative elements require flexible, contextualized
transformation modes that better articulate with territorial realities.

These insights also partially validate the third hypothesis. Figure 4 reveals that most
operational constraints (OI.1, 2, 3, 6, 7, 8) result less from the biophysical interpretation
itself than from its mechanical translation via top-down quantification. However, some
fundamental issues—such as ensuring local significance of the concept (OI.4), rethinking
territorial governance (OI.5), and strengthening local legitimacy (OI.3)—cannot be resolved
within a purely biophysical framework. They require a reinterpretation of the Planetary
Boundaries concept to integrate a social dimension capable of anchoring itself in the social
dynamics of territories.

These results demonstrate that initial PBc interpretation substantially influences lo-
cal action possibilities. A purely biophysical understanding of the concept weakens its
interpretation. Moreover, it mainly leads to a top-down quantification of PBf components.
This approach creates a problematic disconnect from territorial realities. Overcoming this
impasse requires enriching the planetary boundaries concept with an explicit social dimen-
sion. This dimension must articulate global imperatives with both the diversity of local
contexts and territorial stakeholders’ action capacities.

7.2. Changing Methods or Perspectives: Three Proposals

In light of this discussion on the relevance of this hypotheses, the reflections developed
in this article lead to the formulation of three proposals for improving the local operational-
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ization of the Planetary Boundaries concept. These proposals are designed as reflections
for future research, both theoretical and practical.

1. Modify the settings of the prevalent approach: The first proposal would be to fill
the gaps hindering the operationalization of the Planetary Boundaries framework. As
discussed, they are mostly related to the prevalent transformation used to localize the
PBf: quantification.

2. Contextualization: The second proposal advocates for a contextualized approach
based on rebuilding the entire PBf with local stakeholders. This method would allow for
the better integration of specific territorial characteristics and for strengthening the uptake
of the PBc at the local scale. It offers methodological flexibility while ensuring scientific
rigor. However, this change alone will not resolve the challenges associated with the lack
of a social dimension in the traditional interpretation of the PBc.

3. Contextualizing the socio-biophysical concept: The third proposal is to broaden
the very content of the concept to be localized, integrating a full social dimension as a
complement to the biophysical dimension of the PBf. To this end, the mere addition of
social aspects is not sufficient (as conducted, for example, in the doughnut economics frame-
work [43]); it is necessary to rethink the Planetary Boundaries concept as a socio-biophysical
whole. This would make it possible, for example, to consider human responsibilities in
exceeding boundaries or sustainability objectives for societies. Such an approach would
strengthen the relevance of the concept on the local scale.

In conclusion, our analysis highlights that future research should develop, explore,
and test the contextualization of a socio-biophysical interpretation of the PBc. This con-
textualization would therefore not be limited to indicators or boundary values but would
apply to all social and biophysical components of the Planetary Boundaries concept.

7.3. Study Limitations

The current study entails some limitations, which nevertheless also provide interesting
reflections that could benefit further research.

Methodological limitations: The qualitative analysis of review articles, while provid-
ing broad perspectives, may mask nuances present in empirical studies. The categorization
process, though systematic, involves interpretative judgments that could be influenced by
researcher bias. Nevertheless, qualitative analysis requires a detailed understanding of the
paragraphs discussing the PBc and the context of this article to identify relevant extracts
and categorize them. It is therefore uncertain whether an automated computer analysis
would have generated a list of extracts as comprehensive as the one we produced through
our analysis.

The uncertainty of scales: This research focuses on the issues posed by the downscal-
ing of the Planetary Boundaries concept to the local scale. Although the selected review
articles address this downscaling, some do not specify the scale considered, while others
include supra-local scales; as a consequence, the issues identified could come from feedback
at the regional, national, or even continental scale. To obtain greater precision, it would
have been interesting to filter the selected extracts also according to the scale to which they
refer. However, this would have required diving into the research articles referenced in
the selected review articles. In doing so, the analysis would have lost its multidisciplinary
and critical vision of the PBc, as it would have been based on experiments rather than on
a set of experiences. Moreover, the issues identified are not incompatible with the local
scale. We therefore consider the extracts selected to be relevant in providing answers to the
question addressed in this article.

Geographical bias: The geographical concentration of research in OECD countries
(88%) can limit our understanding of PB localization issues in the global south contexts,
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where different governance structures, resource constraints, and frameworks apply. This
bias is particularly relevant given that many critical Earth system thresholds are most
acutely experienced in the Global South. This limitation may impact the findings in three
ways: first, the operational issues identified may be amplified in Global South contexts
where additional constraints exist (limited technical capacity, competing development
priorities, and different governance structures). Second, findings about the ‘operational
paradox’ may actually underestimate the challenges faced in non-OECD contexts, where
the disconnect between technical quantification and local realities could be even more
pronounced. Third, the dominance of northern perspectives in PB localization may it-
self contribute to operational failures, as it perpetuates epistemological hierarchies that
marginalize alternative ways of conceptualizing human–environment relationships. How-
ever, these patterns align with broader inequalities in global environmental knowledge
production, where the Global North dominates both research funding and publication
venues (Pasgaard et al., 2015) [44]. Ultimately, this limitation reinforces the main argument:
the technocratic approach to PB localization marginalizes local perspectives, including
those from countries where different governance structures and resource constraints apply.

These limitations, while constraining our findings, also validate our central argument
about the need for more inclusive and contextualized approaches to PB localization.

8. Conclusions
This research has explored the fundamental tensions between the global ambition of

the Planetary Boundaries concept (PBc), its interpretation, localization, and operational-
ization at the local scale. Building on the analysis of a multidisciplinary and international
corpus of 34 scientific literature reviews, this study makes significant theoretical and
methodological contributions to the understanding of downscaling processes in environ-
mental governance.

The deconstruction of this process (interpretation, localization—transformation and
objects—, local operationalization) provides a new analytical framework that is more
refined and operational, with precise vocabulary. This innovation makes it possible to
identify where and how constraints to local operationalization arise.

The qualitative methodology developed provides an interesting contribution to the
analysis of the issues involved in downscaling the PBc. Building on a systematic analysis
of review articles, it enables these multidisciplinary issues to be extracted and categorized.
In doing so, it reveals the predominance of a localization approach to the PBc: the local
quantification of the numerical components of the biophysical framework of planetary
boundaries. This empirical contribution demonstrates how underlying epistemological
assumptions (interpretation) influence the localization approach.

Furthermore, categorizing operational constraints into three types provides a new
framework for understanding recurring implementation failures: lack of knowledge of
the local context, absence of social components in the concept during localization, and
difficulties in uptake of the concept and localization method by local stakeholders. This
typology goes beyond a simple technical inventory to reveal the socio-spatial and political
dimensions inherent in downscaling processes.

The preceding contributions lead to the conceptualization of the “operational paradox,”
the key theoretical contribution of this research. It argues that technically sophisticated
localization methods can paradoxically generate constraints on the local operationaliza-
tion they are supposed to facilitate. This systemic contradiction inherent in technocratic
approaches to sustainability challenges the assumption that greater technical sophistication
produces better operational results. Therefore, this paradox does not result from poor
implementation but stems from fundamental epistemological assumptions that prioritize
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measurement over meaning, precision over participation, and standardized solutions over
locally adapted responses.

The theoretical scope of these contributions goes well beyond the PBc. They highlight
key challenges in environmental governance. They propose an analytical paradigm shift,
transferring attention from “technical failures” to “systemic contradictions.” They reveal
that PBc localization is an inherently political process requiring the recognition of plural
knowledge systems, explicit value negotiation, and attention to justice issues. Overall,
they thus contribute to debates on the multi-scale governance of sustainability and on
the modalities of articulation between expert knowledge and local knowledge, scientific
universalism and territorial particularism, and scientific and democratic legitimacy.

These findings necessitate a fundamental reconceptualization of the localization ap-
proach. We propose an alternative pathway that integrates two complementary facets:
a socio-biophysical interpretation of the PBc that facilitates territorial anchoring and the
contextualization of components deriving from this new interpretation. This alternative ap-
proach would prioritize territorial anchoring, stakeholder inclusion, and the co-construction
of sustainability trajectories.

In today’s ecological urgency, this research shows that global scientific frameworks’
effectiveness depends more on embracing territorial complexity than on technical sophis-
tication. The challenge extends beyond precise planetary boundary measurement. We
must build conceptual and methodological bridges that connect global imperatives with
local action capacities. It is in this articulation—between measurement and meaning, be-
tween precision and participation, between standardization and adaptation—that lies the
transformative potential of the Planetary Boundaries concept to guide a just and territori-
ally anchored ecological transition, paving the way for new paradigms of environmental
governance adapted to contemporary systemic issues.
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