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Abstract
The urgent global reduction of greenhouse gas emissions depends on political commitments to common but 
differentiated responsibility. Carbon footprints as a metric of attributable emissions reflect individually determined 
contributions within, and aggregated national contributions between, countries. Footprints per unit product (e.g., of 
food, feed, fuel, or fiber) require a lifecycle analysis and support individual decisions on consumption and lifestyles. 
This perspective presents a framework for analysis that connects the various operationalizations and their use in 
informing consumer and policy decisions. Footprints show geographical variation and are changing as part of 
political-economic and social-ecological systems. Articulation of footprints may trigger further change. Carbon 
footprints partially correlate with water and biodiversity footprints as related ecological footprint concepts. The 
multifunctionality of land use, as a solution pathway, can be reflected in aggregated footprint metrics. Credible 
footprint metrics can contribute to change but only if political commitments and social-cultural values and 
responsibilities align.
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INTRODUCTION
Historically, the concept of carbon footprint emerged as part of a more comprehensive “ecological 
footprint” concept[1-3], which is the area “of productive land and water ecosystems required to produce the 
resources that a population consumes and to assimilate the wastes that the population produces, wherever 
on Earth that land and water may be located” as its primary metric [Figure 1]. The choice of “area” as a 
metric, linked to the footprint metaphor, helped to popularize the concept, while it could be converted to a 
temporal equivalent in calculating the annual “overshoot day”, where consumption starts to exceed 
sustainable supply[4].

Fifty years after Meadows et al.[5] (1972), the urgency of climate action has been widely accepted, but the 
pathways to deal with it remain contested. Nation-states, a globalized corporate sector, and global citizens 
are important parts of the problem and have to be part of the solution. The latest synthesis by the 
Intergovernmental Panel on Climate Change (IPCC) of the human influence on C cycles shows[6] that the 
increased concentration of greenhouse gasses (GHG) has already reached a global warming effect of 1.5 °C. 
However, emission of “cooling gasses” such as sulfur dioxide is neutralizing part of the warming, defining 
an inconvenient truth on a tradeoff between air pollution control for local health benefits and global climate 
change control. Total anthropogenic GHG emissions can be attributed to the country where they occurred, 
the economic activity and sectors that caused them, the products generated, or the consumers whose needs 
were satisfied. However, the likelihood of gaps between different accounting approaches (and/or for double-
counting) is considerable when attributions to countries, sectors, products and citizens are intermingled. 
However, that is the current reality with multiple footprint concepts.

As nation-states have collectively failed in the first thirty years after the UN Framework Convention for 
Combatting Climate Change (UNFCCC) to resolve the necessary energy transition and address the drivers 
of deforestation and degradation in a timely fashion, citizens’ concern over the urgency of the issues kept 
increasing. Pathways towards solutions have a territorial dimension [mostly based on nation-states and 
their nationally determined contributions (NDC)[7]] and a supply/demand, market-based one that depends 
on actors along supply and value chains as well as consumers and voluntary, individually determined 
contributions to emission control. Both the territorial and market-based pathways are needed to decouple 
economic success, resource use, and GHG emissions[8] and jointly achieve the Sustainable Development 
Goals (SDG).

An alternative arena for state-based action arose in the personal responsibility for the “footprint” 
consequences of consumption and lifestyle choices. Such initiatives started especially in the Global North, 
driven by young people, but were followed up elsewhere[9,10]. The (threats of) boycotts of products, such as 
palm oil, which were singled out in public communication, led to responses by part of the global corporate 
sector, keen to protect their branding and public image. The result has been an avalanche of declarations, 
commitments, and stated ambition to become deforestation-free, carbon-neutral, carbon-negative, etc.[11]. 
Nation-states, a globalized corporate sector, and global citizens interact in the “governance” and 
“consumption-based” interfaces [Table 1] that shape current actions.
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Table 1. Three ways global anthropogenic emissions can be accounted for and governed

Nation-states Private (corporate) sector Consumers, citizens

Accounting 
target

Net anthropogenic emissions within 
national boundaries; pledged and 
supported NDC

Emission intensity (attributable emissions 
per unit economic turnover)

Per capita emissions; Individual 
footprints (domestic + global)

Gaps Accountability for EET, including 
imported biofuels; international waters; 
C sink saturation

Transnational corporations; sea and air 
transport; responsibility for “indirect land-
use change” (ILUC)

Lifecycle accounting beyond consumable 
products, including “services”, waste, and 
recycling

Interfaces Governance: carbon markets created by tradeable emission rights for corporations; 
REDD+; carbon tax at international borders

Response to changing prices for goods 
and services

Fear of loss of sovereignty, national 
standards to regain trust and maintain 
exports

Consumption-based: Consumer pressure to obtain “cheap but green” products; sector-
level standards, commitments, certification

NDC: Nationally determined contribution; EET: emissions embodied in trade: REDD+: Reducing Emissions from Deforestation and (Forest) 
Degradation.

Figure 1.  Visualizing the “footprint exceeding the planet” metaphor with global data for 2017. Available from: 
https://data.footprintnetwork.org/#/countryTrends?cn=5001&type=earth [Last accessed on 15 Apr 2022], and the leverage points of 
the Human Development Index (HDI), individual and group-level responsible consumption, and increased bioproductivity (evaluated at 
multifunctional level). The half-earth for nature debate[42] is not yet reflected in footprint calculations.

Where nation-states became the primary agents in UN-based discussions, the route to change via global 
citizens, consumer power, and a responsive corporate sector (that wants to be seen as responsible for their 
individually determined contributions) remains a separate track with challenging “market-based” interfaces 
with NDCs of the countries in which goods are produced, consumers reside, and/or companies have their 
legal basis.

Carbon footprints relate GHG emissions to decisions made. Wiedmann and Minx (2008)[12] provided an 
often-cited definition of “carbon footprint” in a context of ecological economics as “The carbon footprint is 
a measure of the exclusive total amount of carbon dioxide emissions that are directly and indirectly caused 

https://data.footprintnetwork.org/#/countryTrends?cn=5001&type=earth
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by an activity or is accumulated over the life stages of a product. This includes activities of individuals, 
populations, governments, companies, organizations, processes, industry sectors, etc. Products include 
goods and services. In any case, all direct (on-site, internal) and indirect emissions (off-site, external, 
embodied, upstream, downstream) need to be taken into account.” Subsequently, the carbon-equivalence of 
other GHGs has been included, as indicated in the instruction to authors of this journal: “The term carbon 
footprint refers to the emissions of all greenhouse gases including carbon dioxide (CO2), methane (CH4), 
nitrous oxide (N2O), and chlorofluorocarbons, and is expressed as the amount (tons) of CO2 produced 
during a given period.”[13].

The quantification of these various footsteps can be derived from a common basis of accounting for land 
use [Figure 2]. It all starts from a land cover classification that allows all land units to be mapped without 
double-counting or gaps so that area fraction, time-averaged (system level) C stocks, and the emissions of 
N2O and CH4 can be measured. This is the basis of national GHG accounting of the land-use sectors, with 
input production and transport accounted elsewhere. However, land use yields marketable commodities, 
and these can be the basis of product-based accounting when other parts of their lifecycle are added and 
summed for the footprint of food production as part of the global food system. When consumption is 
differentiated by societal groups or individuals, further footprint calculations become possible.

Four carbon footprint concepts play a role in discussions on both supply and demand-based pathways [
Figure 2]: (1) historical and current per capita emissions as an argument of fairness in NDCs declarations; 
(2) emissions per unit economic activity as the economic footprint for the efficiency argument in NDC 
declarations; (3) product-level footprints derived from a lifecycle analysis (e.g., for food, feed, fuel, or fiber); 
and (4) consumption-level, individual footprints, differentiated by wealth and lifestyle. The latter types of 
carbon footprints supposedly inform consumer decisions and support shifts towards development strategies 
with low emissions of carbon and other greenhouse gasses. Footprints can function as boundary objects as 
they are entities that enhance the capacity of an idea, theory, or practice to translate across culturally defined 
boundaries, for example, between communities of knowledge or practice[14]. Their derivation and use are a 
form of boundary work[15] and have to meet the quality criteria of credibility, salience, and legitimacy.

In reviewing evidence for such a theory of change, we focus on three questions:

Q1. How are the operational definitions of various types of carbon footprints related to consistent 
accounting for GHG emissions?

Q2. How are footprint concepts used as boundary objects in public and private decision-making?

Q3. How might footprint concepts be improved?

For Q1, we provide backgrounds on human impacts on the global C cycle, discuss ecological footprints as 
an umbrella concept, and contrast footprint concepts 1-4 as part of governance- and business-based climate 
solutions. For Q2, we introduce four levels of leverage on complex, adaptive social-ecological systems, 
discuss theories of place and change across scales, and review theories of (induced) change concerning 
carbon footprints. For Q3, we summarize the findings on the first two questions and discuss ways forward.

Human impacts on the global C cycle
The chain of land users/producers, processors/transporters, and consumers has become increasingly global 
in its operational dynamics, with fossil-based energy sources interacting with and potentially substituted by 
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Figure 2. Nationally and individually determined contributions to global emission reduction based on the relationship between AFOLU 
land use (agriculture, forestry, and other land uses), the production of tradable commodities that through lifecycle analysis leads to 
product level footprints, and potentially informed consumer decisions. Four uses of footprint metrics are discussed in the text (modified 
from Ref.[27]).

land-based emissions [Figure 3]. Fossil fuels and land-based emissions have an increasing impact on 
atmospheric GHG concentrations as terrestrial and oceanic sinks are becoming saturated and risk becoming 
net emitters in a changing climate[16,17].

The global carbon budget can be described as having five major components, each with uncertainties but 
with internally consistent estimates[18]: (1) fossil CO2 emissions (EFOS 9.4 ± 0.5 GtC year−1; based on energy 
statistics and cement production data); (2) emissions from land use and land-use change (ELUC 1.6  ± 
0.7 GtC year−1; mainly deforestation, based on land use and land-use change data and bookkeeping models); 
(3) atmospheric CO2 concentrations and its growth rate (GATM 5.1 ± 0.02 GtC year−1, measured directly and 
computed from the annual changes in concentration); (4) the ocean CO2 sink (SOCEAN 2.5 ±  0.6 GtC year−1); 
and (5) the terrestrial CO2 sink (SLAND 3.4 ± 0.9 GtC year−1; estimated with global process models constrained 
by observations). The sum of the first two approximately equals that of the latter three (EFOS + ELUC = GATM + S
OCEAN + SLAND). Footprints refer to the first two (EFOS + ELUC), taking the latter two (SOCEAN + SLAND) for granted, 
but both sinks are at risk. Technically, the rules for national reporting of GHG emissions have separate 
sections for croplands, grasslands, forestry, and wetlands, but all are based on accounting for changes in C 
stocks and recurrent emissions of CH4 and N2O and are mutually consistent[19]. However, the accounting is 
land-based and does not include industrial production of inputs such as fertilizer, or subsequent transport 
and processing (that are handled in separate chapters of the IPCC national accounting rules).

Annex I countries (also known as the Global North) could thus far meet their international obligations by 
outsourcing emission-intensive heavy industry to non-Annex I countries[20] and protecting their domestic 
forests while increasing their external footprint for agricultural and forestry products. Meyfroidt et al.[21] 
(2010) estimated a 50% area substitution from global trade statistics. Area footprints are translated to carbon 
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Figure 3. Overview of the cross-scale relations between local C stocks and GHG emissions and global climate change, with a nation-
state-based relationship between land use and consumers and one in which global trade and global corporate actors play major roles. 
Global carbon budgets consider emissions from fossil sources (EFOS) and land use (ELUC), increases in atmospheric concentration (GATM), 
and the sink strength of oceans (SOCEAN) and terrestrial systems (SLAND). GHG: Greenhouse gasses.

footprint in the emissions embodied in trade (EET) literature[22-24], but may have further consequences in 
terms of biodiversity, water, pollution, or social impacts[25,26]. Country-level responsibility for and crediting 
of terrestrial (let alone oceanic) sinks remain an unresolved issue in the UNFCCC arena and are not 
addressed in current footprint definitions[27,28]. The sum of current NDC declarations still falls short of the 
globally accepted UNFCCC goals, even if there would not be an NDC implementation gap.

Footprints as part of governance- and business-based climate solutions 
The corporate sector tries to build trust in its “brands” through its public commitments to social and 
environmental impacts. Without standardized reporting requirements that are compatible with national 
GHG accounting, however, the necessary public pressure to follow through on commitments is hampered. 
While well-intentioned global citizens try to minimize their “footprints”, without clarity on how this 
contributes to NDCs, there is a risk of multiple claims of credits and a lack of synergy between governance- 
and business-based climate solutions. Behavioral change in response to consumption options can contribute 
to climate change mitigation[29], as the action may have to start at home[30], or in choices of how to travel 
away from and back to home. One of the accountability gaps is in the aviation industry. The global scale, 
distribution, and growth of aviation have implications for climate change[31]; these have been kept outside 
the reach of national accounting and policy responses so far but are on the radar screen of those wanting to 
express personal responsibility. The degree to which climate policies can effectively target household 
consumption and behavioral decisions is probably key to low-carbon futures. Footprints can help in the 
process as a relevant metric, with adequate attention to standards, data quality, and consistency. 
Standardization of footprint calculations for businesses and products has been achieved (ISO 2018a, b, ISO 
2019), with specific challenges for the footprint of recycled products[32].



Page 7 of van Noordwijk et al. Carbon Footprints 2022;1:4 https://dx.doi.org/10.20517/cf.2022.02 20

Current experience with demand-side solutions for climate mitigation is that the bottom-up drivers of 
household energy behavior change in ways that depend on the national context[33]. The distribution of 
household carbon footprints is largely unequal within and across countries in Europe[34]. Inequality is even 
larger globally as carbon footprints relate to socially desirable outcomes such as income, equality, education, 
nutrition, sanitation, employment, and adequate living conditions - the totality of the SDG agenda 
2030[35-37]. Pathways between metrics such as carbon footprints and SDG attainment will need to be better 
understood.

Ecological footprints as an umbrella concept 
Despite its “rhetorical appeal”, scientific critiques and methodological weaknesses were seen as the demise 
of the ecological footprint as a basis for public policy processes[3]. This history may be repeating itself in the 
next reincarnation of multidimensional “environmental space” as the planetary boundary concept of 
Rockström et al.[38] (2009) and its safe operating space for humanity[39].

The overshoot of the human footprint over the global biocapacity [Figure 1] suggests three types of leverage 
points to reconcile supply and demand[36]:

A. More efficient (less resource-dependent) ways to achieve well-being for a growing population (along with 
progress to self-regulate human population size by supporting gender-balanced education;

B. Enhanced multifunctionality of land use (technically, the land equivalent ratio for multifunctionality 
(LERMULT) is substantially above 1[36,40]).

C. Responsible consumption by well-informed and aware consumers, reliable footprint information, along 
with a continued increase in Human Development Index[41].

The footprint metaphor of current human impacts exceeding the carrying (or bio-)capacity of the planet [
Figure 3] does not yet include impacts on biodiversity, for which a claim of “Half Earth for Nature”[42,43] is 
currently negotiated as part of the post-2020 Convention on Biodiversity targets (possibly watered down to 
a 30% target, and strongly dependent on how nature is interpreted[44]).

As many land uses are “multifunctional” and contribute to multiple commodity flows, an attribution system 
is needed within each type of footprint considered, e.g., based on the LERMULT metrics[36]. Land-use change is 
a multi-phased process. The sharing across commodity flows of responsibility for emissions (stock change) 
is not easy, as a typical sequence of logging for high-value timber, overlogging for pulp-and-paper industry, 
and conversion to oil palm (Elaeis guineensis), coffee (Coffea arabica and C. canephora), or cocoa (
Theobroma cacao) production shows. An example with apparently “deforestation-free” conversion of 
swiddens that otherwise would have recovered as secondary forests to coffee gardens was described for 
Vietnam[45,46].

Sustainable intensification of agriculture has been recognized as one of the requirements for human 
prosperity and global sustainability[47], but how this relates to simultaneously closing existing yield and 
efficiency gaps in multifunctional land use and their GHG emissions per unit product remains contested. In 
minimizing the ecological footprint of food, both the environmental impacts and the volume of production 
over which the load is shared are relevant[48]. The environmental impacts depend on “efficiency gaps” 
(where more inputs are needed and hence GHG emissions are higher than strictly necessary) and “yield 
gaps” (where achieved yield levels are lower than potential). Quantitative analysis for specific commodities 
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suggests that, indeed, an intermediate level of “intensification” can minimize footprints[49]: a comparison of 
closing yield gaps in oil palm by increased fertilizer use, with associated increased emissions of N2O as a 
potent GHG, suggested that minimizing the carbon footprint by optimal fertilizer use depends on past land 
cover history[50]. The results demonstrate the relevance of variation of carbon footprints within a commodity 
such as palm oil can easily exceed differences between average footprints of different bioenergy crops. This 
variation was discussed as “management swing potential” by Davis et al.[51] (2013). The size of the 
management swing potential is an argument for differentiating footprints of alternate production streams 
rather than of products as such.

Among the various components of the ecological footprints, the water footprint[52] may well be most 
compelling as the combination of increased demand for reliable, clean water coincides with more variable 
climates in which both drought and floods are a risk, and a diminished capacity of landscapes to buffer 
water flows[53]. Water footprints normally include the use of “blue” water (surface or groundwater), direct 
use of rainfall buffered in soils “green” water, and a “grey” water component (how much clean water is 
needed to dilute pollution to acceptable standards). A recent proposal for alternative metrics suggests using 
the water use by natural vegetation as the point of reference, as both downwind rainfall and downstream 
river flow are likely adjusted to that level of water use, and both increased and decreased groundwater flows 
can induce problems[54].

The carbon footprint metaphor appeared at the turn of the millennium and spread quickly, initially as a 
carbon component of the ecological footprint[28,55]. The initial estimates of an area equivalence were 
abandoned for the current definition in emission units. The basic appeal was that the carbon footprint of 
nations could add a global, trade-linked analysis to existing national emission accounting[56]. An overview of 
carbon footprint analysis by Wang et al.[57] (2010) stated: “This report explores the apparent discrepancy 
between public and academic use of the term ‘carbon footprint’ and suggests a scientific definition based on 
commonly accepted accounting principles and modeling approaches. It addresses methodological questions 
such as system boundaries, completeness, comprehensiveness, units, and robustness of the indicator” and 
“Whatever method is used to calculate carbon footprints, it is important to avoid double-counting along 
supply chains or life cycles”.

Four levels of leverage on complex, adaptive social-ecological systems
Interventions in complex adaptive systems, such as landscapes in which various social actors make a living 
interacting with global markets while influencing local soils, watershed-level streamflow, and global 
atmosphere and climate, can easily have unexpected results. As there are many aspects to consider across 
many contexts, the classification Meadows (1999)[58] developed based on her experience with global system 
models of ways to leverage complex adaptive systems can be used. Simplified, the classification groups 
parameters (parameters and data), feedbacks (relationships), institutions (rules of the game), and goals as 
having an increasingly transformative impact on a social-ecological system. Ostrom (1990)[59] distinguished 
between two broad categories of public decisions: constitutional and allocational ones. The first, politically, 
shapes institutions (or policy instruments), including those for “commons” and for defining boundary 
conditions to, and interacting with, private (and corporate) decisions. The second, economically, uses 
institutions to modify benefit distribution within existing mandates. Jointly, these processes and their 
outcomes define governability[60] as a balance between the ambitions of all stakeholders and what can be 
operationalized. In the process of decision making, the bounded rationality that behavioral economics 
established experimentally[61] can be reconciled with (and be labeled more positively) the sociality 
concept[62], emphasizing (reference) groups, rituals, affiliation, status, and power as aspects. The ecosystem 
services concept suggests a one-way flow of benefits that are instrumental in achieving human goals. It 
appeals to rationality as the basis for decision-making. It has been augmented by an interest in relational 
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values of nature as a two-way process depending on and justifying investment, appealing to sociality as the 
basis for decision-making[63].

While footprints are defined as metrics, their relevance for decision-making depends on the feedback 
relationships that they help understand, the institutions that are using them in rules and incentives, and 
how they appeal to goals that they can help achieve. Footprints can represent instrumental values, but are 
also, in the metaphor used, relational and appealing to accountability.

In the four levels of the Meadows-based hierarchy (1999)[58] [Figure 4], the relationship between 
constitutional plus allocational decisions and the three categories of nature-specific values (instrumental, 
relational, and intrinsic) can be understood:

Parameters: Data, metrics, and expected (discounted) costs and benefits associated with quantified 
instrumental ecosystem services as value aspects interact with explicit, often binary decisions to accept or 
not accept proposed projects, investment in programs or contracts.

Feedbacks: Transactional values, open to bargaining, reduced risk of investment, potential social payoffs, 
reciprocity and status indicators interact with efficiency-oriented decisions on roles, cost and benefit 
allocation among multiple actors/stakeholders, and attention to implementation and transaction costs.

Institutions: Value aspects such as recognition, rules of the game, stewardship, eudaimonia (social well-
being as a complement to individual hedonics[64,65]), group (club) membership, and avoiding conflict interact 
with constitutional (“effectiveness”) decisions about rules of the game, boundaries to rights, in-group 
membership/exclusion and security (risk sharing).

Goals: “Invaluable”, non-negotiable core values of respect, identity-related self-expression, ethics, and 
sovereignty/autonomy concepts, such as free and prior informed consent, interact with equity decisions on 
universal goals, ways to internalize externalities, intergenerational responsibility and ensure continuity.

Theories of place and change across scales
The urgently needed transformation towards sustainability that addresses current development deficits 
without trespassing planetary boundaries needs to combine climate change mitigation and adaptation. It 
has to reconcile the hierarchy of individuals nested in households nested in communities nested in sub-
national jurisdictions nested in nation-states part of global humanity [the vertical axis in Figure 5], with the 
hierarchy of levels of “leverage” on complex, adaptive social-ecological systems based on Meadows (1999)[58]: 
data, feedbacks, institutions, and goals [the horizontal axis in Figure 5]. These latters are related to the “issue 
attention cycles” of policy change[63,66].

Footprints are in the “data” column in Figure 5 but can be expressed at national (including “average citizen 
of country X”), subnational emission intensity, community, or individual level. Footprints, or the activities 
used as the denominator, are part of feedbacks. They can become a target for roles and rules as far as they 
represent recognized goals - at the individual, national, or global scales.

The lower-left to upper-right diagonal in Figure 5 connects local action to global goals and vice versa 
[Figure 6A]. The cells above the diagonal imply that one first move up the hierarchy from individuals 
towards governance structures, before shifting from data to feedback processes, to institutions and goals; we 
tentatively describe this as the governance route. In its extreme form, it determines (in the ultimate top-
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Figure 4. Values and decisions in their relation to parameters, feedbacks, institutions, and goals in the hierarchy of leverage points for 
complex, adaptive social-ecological systems[58].

Figure 5. Meadows-based hierarchy (data, feedbacks, institutions, and goals) across individual-to-global scales with examples of 
specific concerns in understanding and nudging societies (1999)[58]. CBD: Convention on Biological Diversity; FPIC: free and prior 
informed consent; GDP: gross domestic product; IPBES: Intergovernmental Science-Policy Panel on Biodiversity and Ecosystem Services; 
IPCC: Intergovernmental Panel on Climate Change; NDC: nationally determined contribution; OpCost: opportunity costs; REDD+: 
Reducing Emissions from Deforestation and (forest) Degradation; SDGs: Sustainable Development Goals; UNFCCC: UN Framework 
Convention on Combatting Climate Change; WTO: World Trade Organization.
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Figure 6. Variations and annotations of Figure 4 that clarify: (A) The dominant “theory of change” on the diagonal connecting local 
actions to global goals (and vice versa), while theories of place focus on the first two columns, the governance- and private-sector-based 
parts of theories of change; and (B) a dominant theory of induced change within “landscape approaches” to strengthen the interface 
between the lowest level of a government hierarchy and bottom-up collective action.

down way) the choices and actions individuals can take to achieve the highest-level goals. Footprints here 
are used in negotiating the fairness and efficiency of NDCs/individually determined contributions (IDCs) 
within and between countries.

The cells below the diagonal imply that one first shift from data to feedback processes, to institutions and 
goals, before moving up the hierarchy from individuals towards governance structures; we tentatively 
describe this as the private sector, market- or business-based route. In its extreme form (in the ultimate 
bottom-up way), it recognizes that individual goals drive individual choices and actions and that higher-
level goals need to be framed to satisfy demand. Footprints here target the individual and collective 
decisions of producers, processors/traders, and consumers (IDCs).

In reality, a balance between top-down and bottom-up elements is negotiated across the scales. The global 
shift of governance systems towards more market-based policies implies attempts to redress the balance, 
rather than go from one to the other extreme, and has itself been subject to governability checks and 
balances in political-cultural contexts.

A popular theory of induced change[63] of the past decade has been one of several forms of landscape 
approach [Figure 6B] at the interface of the lowest jurisdictional level of formal governance structure and 
the local community, with its diversity of individuals[67-70]. It typically operates in a public-private-people 
partnership, with informal, negotiated rules, a focus on trial-and-error learning feedbacks, and goals that 
often are a selective subset of the SDG portfolio. However, according to practitioners, about half of the 
bottlenecks are caused at the points of interactions with national government agencies[71]. Bridging between 
the jurisdictional (rule setting) aspects of a connection with formal governance (and often enhanced 
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tenurial security), the private sector partners link to markets and the local community connects to 
aspirations in a social-cultural context (often including a sense of place or eudaimonia). Clarity on footprint 
data can provide a solid foundation for landscape-level negotiations with scientific credibility, social 
legitimacy, and political salience.

Theories of (induced) change concerning carbon footprints
The expectation, or theory of induced change, that transparent and credible footprints will change 
behavioral choices at individual and collective levels has not been easy to verify. One of the few critical 
impact studies thus far[72] found that grassroots-initiative members have a 16% lower total carbon footprint 
and 43% and 86% lower carbon footprints for food and clothing, respectively, compared to their “non-
member” regional socio-demographic counterparts in Europe; they also have higher life satisfaction 
compared to non-members and are 11%-13% more likely to evaluate their life positively. Initiative members 
uncover lifestyle features that enable lower emissions and break the conventional link among emissions, 
income, and well-being.

Saujot et al.[73] (2020) analyzed explicit knowledge, mediation tools, and framing power as three main 
contributions that scenario articulation can make to policy decision-making. They discussed an apparent 
tradeoff between the framing power of integrating lifestyle changes in scenarios and the robustness and 
reliability of pathway production methodologies, which is a condition for their policy relevance. The nature 
of lifestyles, which reflect values and preferences and require a multidisciplinary approach, raises significant 
policy neutrality challenges and scientific challenges. Overcoming these challenges can lead to more policy-
relevant pathways, starting with reliable footprint data including indirect effects on emissions and sink 
strength.

Slogans such as “choose nature, buy less” may appear to be an oxymoron (contradictio in terminis) for 
business models that interact with consumer preferences for responsible (and thus reduced) consumption. 
However, in a thus far limited niche market, businesses that emphasize efficiency, consistency, and more 
recently also sufficiency have opportunities to function[74]. Sufficiency aims at an absolute reduction of 
consumption levels and entails strategies such as decreasing purchases, modal shifts, product longevity, and 
sharing practices. Benefits for the individuals involved may be primarily social, as in the hedonic-
eudaimonic contrast that Ancient Greek philosophers already recognized[64,65].

Discussion and ways forward
This perspective aims to present a framework for analysis that connects the various footprint concepts to 
theories of place, change, and induced change. Several emerging challenges are described in Figure 7.

Regarding the first question, the operational definition of carbon footprints, several consistency issues 
emerge. Measured changes in atmospheric GHG concentrations remain the primary consistency check for 
national accounting of fossil fuel plus land-use related GHG emissions, once structurally missing terms are 
added[19]. For carbon footprint concepts based on individuals, sectors, or businesses, the first question 
should be “does it add up?”. Consistency issues may easily arise if both “production” and “consumption” 
actors are considered to make independent decisions, or if the attribution of blame is “to the other side”. 
Similarly, EET remains a major challenge for national accounting systems, as importing countries do not 
accept them on their balance sheet. However, they are no problems for the lifecycle analysis of products 
underpinning individual footprints linked to consumer choices. Consequently, the sum of individual 
footprints can exceed the sum of national footprints.
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Figure 7. Visualization of challenges to the use of various footprint concepts (FPi): (1) consistency checks between individual and 
national footprints across production and consumption; (2) accountability for emissions embodied in trade (EET); (3) incorporation of 
(avoided) impacts on sink strengths, e.g., based on pollution; (4) the indirect land-use change concept; and (5) further attribution issues 
in relation to multifunctional land uses.

A single footprint can relate to multiple policy goals at the policy level. For example, soil carbon and 
wetland preservation commitments have been made under three Rio Conventions: Land Degradation 
Neutrality (as part of the United Nations Convention to Combat Desertification), climate change (both 
mitigation and adaptation aspects in the UNFCCC), and biodiversity targets of the Convention on 
Biological Diversity, in different combinations across the 197 UN member states[75].

The fraction of current emissions that directly contribute to an increase in atmospheric concentrations of 
GHG, and thus the global climate change per unit emissions, keeps increasing with declining sink strength, 
with complex attribution issues in the comparison of historical, current, and future emissions. While global 
Carbon budgets consider emissions from fossil sources (EFOS) plus those from land use (ELUC), negative 
impacts (e.g., through pollution) on the sink strength of oceans (SOCEAN) and terrestrial systems (SLAND) are 
not included, and neither are efforts to avoid or repair such negative effects. However, they influence global 
climate change trajectories and are part of the international policy debate, e.g., regarding forests[76] and 
ecological restoration[77,78].

The concept of “indirect land-use change” (ILUC) is the most contested aspect within the land use emission 
category. It emerged in the discussion on biofuels when it was realized that new types of demand for 
agricultural products, beyond global food supply, would be partially responsible for expansion into new 
production areas (and thus for emissions associated with such expansion), even if the origin of specific 
products could be traced to low-emission areas (e.g., not linked to recent forest conversion)[79,80]. In practice, 
however, ILUC remains controversial as the attribution involves scales beyond the reach of individual 
producers or consumers and may need to shift to broader product categories. For example, ILUC concepts 
might attribute the consequences of increased demand to all vegetable oils, rather than a specific one such as 
palm oil, to reflect the exchangeability of commodities in the current food industry[81]. On the other hand, 
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the conclusion that coconut oil has, in comparison with other vegetable oils, a remarkably high negative 
biodiversity footprint[82] ignored that in the dataset, 93% of the negative biodiversity impacts were due to 
small island countries (with vulnerable biodiversity) that only produce less than 10% of global output[83]. 
Such skewed statistical distributions cannot be ignored in footprint analysis. Agricultural yield elasticity[84] 
and land sharing in multifunctional land use[85] form additional challenges; in practice, ILUC has not been 
integrated into standard accounting systems. Accounting for ILUC in footprint calculations depends on 
inferred causality and highly questionable product categorization. More comprehensive global trade data 
can help, but their interpretation remains highly political and contested.

On the second question, the way footprints are used as boundary objects in public and private decisions, the 
view has been expressed that the public appeal and rhetoric value of a single “ecological footprint” concept 
may well exceed the transparency and reproducibility of current operational metrics. For the carbon 
footprint component of the overall ecological footprint, the operational issues are less, but the carbon 
footprint may also be less actionable as tradeoffs with other component footprints exist. One such tradeoff 
is between carbon storage and water-saving[86]. When economic growth is included in the analysis[87], 
minimizing any single indicator may not lead to optimal results in the longer term[88,89]. In a similar debate, 
the water footprint concept has been challenged, with alternatives proposed that have natural vegetation 
and its water use as a point of reference[90].

Transparent attribution of emissions over drivers can be a strength of footprint quantification, as data on 
drivers can drive change - if used wisely[91]. Interfaces among footprints deserve attention, as renewable 
energy production can clash with biodiversity goals, with implications for transitioning to a green 
economy[92,93]. The interface of biodiversity loss and climate change[94] deserves a search for synergy beyond 
single footprint concepts. Co-benefits, tradeoffs, and thresholds have been discussed for mitigation policies 
targeting the agriculture, forestry, and other land use (AFOLU) sectors[95], as well as agroforestry as a land 
use at the interface[66,96,97]. Geopolitical questions of fairness between countries have their counterparts 
domestically, with many sectors in developing countries that have high carbon footprints state-owned or 
fully protected by the state.

Quantitative footprint metrics may be too complex for citizen audiences that prefer a simpler certification of 
meeting (or not) a set of thresholds for environmentally and socially responsible production, shifting blame 
to uncertified others[98-101]. Oversimplified policies do not do justice to the complexity of social actors 
interacting with the unsustainability of agriculture[102]. Global lessons from payment and incentive schemes 
have suggested that a location-specific form of co-investment in ecosystem services is more feasible than 
fully result-based schemes using a single metric, such as a carbon footprint[103]. The motivation of national 
governments to engage in NDCs and voluntarily commit to further reducing emissions from land use may 
be based on protecting export earnings rather than on climate-related payment schemes as such[104].

Finally, several ideas emerged on how footprint concepts might be improved, including by further research 
and synthesis. Multifunctionality of land use, a major pathway to reconcile human ambitions and our 
planet’s biocapacity, is still a challenge for common accounting and footprint systems. Carbon footprints 
may correlate with biodiversity footprints[105], but only partially; however, theories of change are challenged 
without synergy among ecological footprint components. The irony may be that multifunctional land uses 
that can contribute to simultaneously addressing multiple problems are not easily assessed, given the 
various attribution issues mentioned under the first question. This includes the wide range of agroforestry 
systems that are relevant at the interface of climate change mitigation and adaptation, but not superior in 
either issue considered separately[90].
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CONCLUSIONS
Regarding our first question (“How is the operational definition of carbon footprints related to consistent 
accounting for GHG, emissions?”), four conclusions emerge:

1. Measured changes in atmospheric GHG concentrations remain the primary consistency check for 
national accounting of fossil fuel plus land-use related GHG emissions as well as for carbon footprint 
concepts based on individuals, sectors, or businesses; for any new type of footprints, the first question 
should be “does it add up?”.

2. EET remain a major challenge for national accounting systems but are no problem for Lifecycle analysis 
of products underpinning individual footprints linked to consumer choices.

3. Negative impacts on oceanic and terrestrial C sinks, or positive effects of reducing pollution or land cover 
change affecting sinks, remain outside current national accounting as well as common footprint concepts, 
yet influence global climate change trajectories.

4. ILUC in footprint calculations depends on inferred causality and product categorization that are highly 
questionable, rather than addressing the drivers.

Regarding the second question (“How are footprint concepts used as boundary objects in public and private 
decision making?”), we conclude:

5. The public appeal and rhetoric value of footprint concepts may well exceed the transparency and 
reproducibility of current operational metrics.

6. Carbon footprints as an aspect of human appropriation of net primary productivity (HANPP) are 
correlated with water footprints and biodiversity impacts that deserve joint responses by consumers, 
individually and collectively.

Finally, on Question 3 (“How might footprint concepts be improved?”), we conclude:

7 Multifunctionality of land use, a major pathway to reconciling human ambitions and our planet’s 
biocapacity, is still a challenge for common accounting and footprint systems. Other than GHG exchange 
with the atmosphere, functions that involve lateral flows have specific scaling rules that need to be used to 
link local to global scales and vice versa. Follow-up research can contribute by: (A) testing and improving 
consistency among footprint estimates, so that they add up to global net emissions; (B) analyzing synergy, 
tradeoffs, and interactions among various components of an overarching ecological footprint (including 
aspects with -non-area based scaling); (C) exploring boundary work and the way footprint data are used in 
societal change; or (D) zooming in on the specific challenges of footprint accounting for multifunctionality 
of land use in the face of the UN Sustainable Development Goal agenda.
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