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Introduction

PIK’s 2013-2018 flagship project copan — coevolutionary pathways,
since 2019 continued as the copan collaboration between PIK’s Fu-
tureLabs on “Earth resilience in the Anthropocene” and “Game
theory and networks of interacting agents”, focusses on under-
standing and modelling the Anthropocene, the tightly intertwined
social-environmental planetary system that humanity now inhabits.
To this end, copan follows a social-ecological complex systems ap-
proach that allows to address the effects and limitations of human
agency and system-level effects of networks and complex coevolu-
tionary dynamics in the World-Earth system.

The project emerged from many informal discussions between
leading PIK scientists, prominently involving Wolfgang Lucht and
his ideas on a planetary social-ecology, and immensely influenced
by PIK founding director John Schellnhuber’s demand for “a gen-
uine Earth System Analysis” in order help “secure an acceptable
long-term coevolution of nature and civilization,” which he de-
scribed as “a cybernetic task for the emerging ‘Global Subject’””
[Schellnhuber, 1998]. It soon became clear that such an endeavor
would from the beginning require a balanced mix between natural
science based approaches (represented by Research Department
1) and complex systems science (represented by PIK Research De-
partment 4) and would have to be very open to insights from and
collaboration with the social sciences. In 2013, Jonathan Donges and
Jobst Heitzig were assigned the task to explore such an agenda in
a newly established flagship project, strongly supported by depart-
ment heads Wolfgang Lucht and Jiirgen Kurths. copan was named
in reference to the ancient Maya city of Copan as just one exam-
ple of a past civilization that displayed complex social-ecological
dynamics leading to its eventual decline. The acronym officially
stands for coevolutionary pathways, and the letter ‘n” inofficially
represents the heavy use of network-based modeling and analy-
sis. Its logo combines a stylized form of the Maya language glyph
‘Copén’ and a visualization of coevolutionary pathways in the spirit
of [Schellnhuber, 1998].

As of June 2021 the copan collaboration actively involves one
intern, two bachelor, three master, five PhD students, one postdoc
and five senior scientists. By the end of 2020, six Bachelor’s, 25
Master’s and five PhD theses have been completed. Furthermore,
67 papers were published in peer-reviewed journals. This work was

copan.:c;
7~ coevolutionary
~ ) pathways
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done by current and former copan members, who are listed in the
appendix of this reader. In addition, several software packages were
developed as part of copan projects. To name the most important
ones: the copan:CORE open World-Earth modelling framework and
pyunicorn — Python modules for complex network and nonlinear
time series analysis. A complete list can be found in the appendix.
This reader presents selected peer-reviewed and discussion pa-
pers put forward by copan at the Potsdam Institute for Climate
Impact Research. The papers are logically ordered and sorted
into topical sections on Conceptual foundations and making the case
(Sect. 1), Towards a unified analytical framework (Sect. 2), Theoretical
and methodological work (Sect. 3), and Analyses and studies of concrete
cases and contexts (Sect. 4).



1
Conceptual foundations and making the case

THIS FIRST SECTION starts with two perspectives papers calling for
a new way of looking at the Earth system and the human “World”
build upon it.

In “Closing the loop: Reconnecting human dynamics to Earth
system science” [Donges, J. F. and Winkelmann, R. et al., 2017],
former and current PIK directors John Schellnhuber and Johan
Rockstrom joined us to argue that the Anthropocene is dominated
by planetary-scale social-ecological feedbacks and thus requires a
new paradigm in Earth System science that is founded equally on a
deep understanding of the biophysical and the social World-Earth
System.

Adding to this, “The technosphere in Earth system analysis: A
coevolutionary perspective” [Donges et al., 2017] stresses the im-
portance of technological processes and proposes complex adaptive
networks as a concept for describing the interplay of social agents
with technospheric entities and their emergent dynamics for Earth
system analysis.

In the Anthropocene, human actions have become critical to
understanding planetary Earth system dynamics. To capture this
in conceptual models, in the paper “Social tipping dynamics for
stabilizing Earth’s climate by 2050” [Otto et al., 2020a] we ana-
lyzed the importance of potential social tipping interventions for
overall Earth system dynamics, using the terminology of tipping
points in social-ecological systems as defined in the literature re-
view [Milkoreit et al., 2018]. In addition, in “Human agency in the
Anthropocene” [Otto et al., 2020b] we explored alternative concepts
of human agency in the Earth system context.

The importance of this emerging perspective on the Earth system
is emphasized in “Trajectories of the Earth system in the Anthro-
pocene” [Steffen et al., 2018] with a small contribution of copan .
This paper concluded that Earth system stewardship leading to
transformative social-economic change is required to steer the Earth
System away from risky “hothouse Earth” trajectories.

In order to get a first idea of what ingredients novel models of
planetary-scale social-ecological coevolution might need to contain,
we include here two quite different studies that feature selected
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social-ecological feedbacks.

The first exemplary modelling study, “Sustainable use of renew-
able resources in a stylized social-ecological network model under
heterogeneous resource distribution” [Barfuss et al., 2017] analy-
ses the influence of heterogeneity on social interactions between
the users of local renewable resources. We used a model of social
learning agents in an adaptive network “copan:EXPLOIT” [Wieder-
mann et al., 2015], which will be introduced in more detail in a later
section of this reader. Due to its simplicity, it has become a kind of
paradigmatic example model used in several copan Master’s theses.

In the second exemplary modelling study, “Sustainability, col-
lapse and oscillations in a simple World-Earth model” [Nitzbon
et al., 2017], we use a very low-dimensional system of ordinary
differential equations for modelling the coevolutionary dynamics
of globally aggregated carbon, population, and capital stocks to
demonstrate that the inclusion of socio-economic feedbacks can
have a large influence on projected long-term Earth system trajecto-
ries.
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International commitment to the appropriately ambitious Paris climate agreement and the
United Nations Sustainable Development Goals in 2015 has pulled into the limelight the
urgent need for major scientific progress in understanding and modelling the Anthropocene,
the tightly intertwined social-environmental planetary system that humanity now inhabits.
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Introduction

By pushing Earth’s climate and biosphere out of the dynamics of the Holocene (Steffen et al.,
2015a) humanity is at risk of moving our planet outside a safe operating space for humanity by
altering important feedback loops, potentially producing abrupt and irreversible systemic changes
with impacts on current and future generations (Steffen et al., 2015b).

From the start, Earth System science has recognized that humans are an important component
of the contemporary system (Mooney et al., 2013; NASA, 1988). Integrating natural and social
science perspectives on the Earth System has been a key aim of a suite of research initiatives over
the past decades (e.g. AIMES, IHOPE, International Human Dimensions Program and Future
Earth). Despite these efforts, key characteristics of the Anthropocene — human agency, global
social and economic networks and important feedback interactions between human systems and
planetary processes — have not been dynamically represented or otherwise resolved in existing
Earth System and integrated assessment models.

Capturing these dynamics in a new generation of Earth System models should allow us to
address a number of critical questions about socio-ecological turbulence in the Anthropocene, such
as: Could transnational social movements such as the push for divestment from fossil fuels tip the
socio-economics of carbon emissions? How is climate change science processed in world cultures
and traditions other than those of the secular West? How are climate tipping events such as in the
West Antarctic Ice Sheet interlinked with social and political transitions?

The biggest challenge in answering such questions is to understand human activities and social
structures as the least predictable, but at present also the most influential component of our planet
in the Anthropocene. This would, finally, contribute to closing the loop in theory, analysis and
models of Earth System analysis (Future Earth, 2014; Schellnhuber, 1998, 1999).

To meet this challenge, Earth System analysis requires significant progress in three key areas
forming the systemic substratum that many pressing, real-world sustainability questions have in
common (Figure 1).

First: How best to represent human agency?

There is a long tradition of philosophical, anthropological, sociological and psychological research
on the nature and degree of human agency, i.e. to what extent are humans free to act and what is
the structure of the factors that constrain them. This has produced a wide variety of schools of
thought, ranging from assumptions of substantial freedom of choice to behaviour within social
norms and economic rules (Ajzen et al., 1991), to no agency at all (e.g. physics-based theories of
social macrodynamics; Garrett, 2014, 2015). Here, we are primarily motivated to understand how
this broad spectrum of (socially and structurally differentiated) human agency and behaviour can
be appropriately included and evaluated in Earth System models. Our starting assumption is that
we need to go substantially deeper than the common scenario approaches used in current Earth
System modelling, where the dominant underlying social narrative is driven by macroeconomic
optimization paradigms. These approaches, whilst computationally efficient, will necessarily
exclude a wide spectrum of behaviours. Consequently, we call for new narratives of global change
based on the fundamental dynamics following from different assumptions about human agency,
and within such analysis for differentiation by social groups.

Second: What are the system-level effects of social networks?

The social is networked. Social interactions are mediated via information, trade, political and infra-
structure networks. Such networks can change over time via adaptive, anticipatory and preference
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Figure 1. Closing the loop. Understanding and modelling the Anthropocene, the tightly intertwined
social-environmental planetary system that humanity now inhabits, requires addressing human agency,
system-level effects of networks and complex coevolutionary dynamics. The loop sheds light on a
coevolutionary view of Earth System dynamics (Schellnhuber, 1998, 1999) in the Anthropocene including
multiple development pathways, obstacles (mountains), dangerous domains (spikes) and the sought-after
safe and just space for humanity (oasis).

formation processes. The dominant existing conceptualizations of Earth System loops — essentially
using the same rigid box-and-arrow wiring diagram developed by the Bretherton Committee
(NASA, 1988) — are no longer fit for purpose when the magnitude, direction of flows, and even
composition of the components of the socio-environmental system are changing. Transformative
phenomena such as the Great Acceleration (Steffen et al., 2015a) cannot be fully understood with-
out digging into the network structure of the Anthropocene such as the wide-ranging teleconnec-
tions that emerge in land use change (Seto et al., 2012) and are the essence of digital communication
between people. Earth System analysis needs to recognize that values and norms shape human
behaviour, leading to changes in Earth System functioning with feedbacks to behaviours, values,
and norms. This is a coevolving social-environmental network with an indisputably very rich

structure.

Third: What tipping points and complex dynamics arise from
social-environmental loops?

Even simple nonlinear systems can surprise us with our mostly linear thinking; even more so
highly complex systems such as the Earth’s climate. It is to be expected that social-environmental
networks that feature myriad feedback loops will exhibit a wide range of complex behaviours.
From observational records and modelling we know that there are several global-scale tipping ele-
ments in the climate system (Lenton et al., 2008; Schellnhuber et al., 2016). Even richer complex
dynamics are expected and observed in the social sphere on comparably fast timescales (Bentley
et al., 2014), particularly when interactions in the Anthropocene alter and strengthen feedbacks

Reproduced from: J. F. Donges et al., Closing the loop: Reconnecting human dynamics to Earth System science, Anthr. Rev., vol. 4, no. 2, pp.
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between biogeophysical and social processes. Research and assessments ignoring the loops
between and within these two spheres will inevitably overlook critical phenomena such as emerg-
ing multi-stabilities and tipping points. Models that allow for a systemic view that classifies poten-
tial pathways and identifies critical parameters, management options, windows of opportunity and
dilemmas (Heitzig et al., 2016) represent important additions to studies more focused on quantifi-
cation and prediction of individual trajectories.

A complex systems view of the Anthropocene

Effects that may arise even in simple systems due to complex dynamics may be illustrated for the
case of a deliberately elementary representation of decarbonization in the energy sector. A dirty
(CO,-emitting) and a clean (e.g. sustainably renewable) energy technology compete while their
market penetration can be influenced by a managing agent through subsidies. This is a hugely
simplified case of the more general problem of multiple technologies, multiple economic incentive
systems, non-economic values and, particularly, of a large number of interacting networked agents
with different objectives and means. However, already this simple case system reveals non-trivial
effects not usually taken into account in integrated Earth System modelling (Figure 2):

(i) A rich landscape of possible pathways exists that are sensitive to parameter settings and
initial state. The cost-optimal pathway, an example of the imposition of a utility to be opti-
mized (a very common practice in the analysis of such problems), is but one pathway
toward a desired state and gives a rather incomplete picture of the dynamical landscape in
which a manager is to operate. Closing the loop requires socio-ecological systems analysis.
What is more, what is considered ‘desirable’ can differ among networked agents and poten-
tially lead to conflict. Closing the loop means better inclusion of plurality of worldviews,
priorities and objectives.

(i1) Large areas of parameter space form basins of attraction: pathways within these basins
approach an end state that could have desired properties, but could also be an undesired
state, underlining the importance for a manager to understand the structure of the dynami-
cal landscape. Closing the loop means considering agency that is more multi-dimensional
than single-purpose optimization, i.e. to follow broader concepts that allow potential access
to a larger subset of trajectories.

(iii) Pathways toward a desired end state do not always initially lead in the direction of this state
but can counterintuitively follow less obvious dynamical routes (which presents a problem
to politics measured as short-term success). Along these lines, some paths that lead to
desired end states have to temporarily traverse intermediate states with undesired proper-
ties (the situation must get worse before it will get better). Closing the loop requires a
broader temporal perspective which may challenge short-term thinking in governance and
policy making.

(iv) Pathways optimizing a given utility may display the phenomenon of ‘optimizing to the
edge’, i.e. they tend to follow the edge of domains bordering undesired states, rendering
them vulnerable against fluctuations that may tip them into neighbouring, less favourable
domains of attraction. Closing the loop informs notions of desirability by explicit consid-
eration of the resilience of trajectories.

This illustrative list of phenomena arising even in this simple example suggests that dilemmas in
governing complex systems such as the global human—environment system (Heitzig et al., 2016)
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151-157, 2017, doi: 10.1177/2053019617725537. Published under Creative Commons Attribution License 4.0 (CC BY NC).


https://doi.org/10.1177/2053019617725537

CONCEPTUAL FOUNDATIONS AND MAKING THE CASE

Donges et al. 155

Undesirable states Desirable states
I 1T 1

'i*\ " Safe operating

T T

|

AR I N
space can be v+

11

|
|

5

anagement | |
% \,‘ . Y
s} i N
o A
£ |
AT AV L
8 JONIRR \
= \\a\\ v vy
c AN 4 l
® \‘f\‘\ ‘rl
Q& SR i
O ~_pr My
— R 8 \
(=] J \\ Yy
@ J=f [N
L U= +d5 TAY
= Ve - \. \;
0. ~_ Safe operating .
. -~ N
——————————————— space g
AT
el S NS AT Iy
mmmmmmmmm P — — — —— — = N
___________________ —
[
0.8 1.0

Market share of cleah technology

Figure 2. Complex dynamics arising from a conceptual model of decarbonization
transformation. Mapping of trajectories in a dynamical system model of an energy market with
competing dirty and clean technologies that can be influenced by subsidizing the clean technology
(management). Business-as-usual trajectories without management (solid lines) as well as pathways with
management (dashed lines) are shown. In this example, a market share of the clean technology larger than
50% is normatively considered as desirable. Background colours indicate state space regions such as the
safe operating space (shelter, light green), where trajectories can remain in the desirable domain without
management, or the region from which the safe operating space can only be reached through desirable
states when applying subsidies (glade, dark green), following Heitzig et al. (2016). A typical cost-optimal
pathway as generated by integrated assessment models is indicated by the red line.

require particular insight into three aspects of such dynamic landscapes. First, at issue is to what
extent human intervention can alter the pathways upon which societies and the environment
develop, i.e. what agency different types of agents have to manoeuvre on the landscape of trajec-
tories, and what the instruments are to achieve this. Second, since humans act collectively as social
groups on environmental processes and these are equally characterized by hierarchical intercon-
nectedness, the macroscopic effects of coevolving complex networks on dynamic pathways have
to be explored. And third, the topology of these dynamic landscapes has to be discovered as
opposed to dissecting thin policy slices — this will require complex systems analysis, particularly
regarding separation of domains of attraction, regions with steep gradients and faults, and critical
dependence on key parameters.

Conclusion

We have shown how a simple model that explores trajectories towards decarbonization can pro-
duce complex behaviour and multiple outcomes, highlighting issues of agency over paths and of
resulting complexity in the dynamical landscape of accessible paths. As such, this analysis demon-
strates the utility of taking a complex systems, coevolutionary approach to dilemmas of the
Anthropocene. This example highlights the first and third key area identified above. It is to be
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expected that further complexities would arise by factoring in the collective effects of social net-
works on multiple agents and their interactions.

If science is to provide robust and useful input into this and other dilemmas that arise as a con-
sequence of the transition to the Anthropocene, then Earth System models must embrace wherever
possible these three areas: representation of socially differentiated agency, social-economic net-
works and complex coevolutionary dynamics. This would produce useful models of the
Anthropocene (Donges et al., 2017; Verburg et al., 2016).

We see examples of such approaches emerging. For example, theory and models of biogeo-
physical dynamics in the Earth System are well established, and recently developed adaptive net-
work approaches (Gross and Blasius, 2008) offer a flexible framework for modelling
social-environmental regime shifts and transformations in an emergent and dynamic way without
static prescription of scenarios, including phenomena such as social learning, segregation, norm
and value change, and group dynamics such as coalition formation (Auer et al., 2015; Schleussner
et al., 2016). Our vision for Earth System analysis calls for a synthesis of these so far disconnected
phenomena within a complex systems framework.

The Paris climate targets (UNFCCC, 2015) and United Nations Sustainable Development Goals
(UN SDGs, 2015) are examples of humanity’s ambition to remain within a safe operating space at
the same time as continuing to increase the wellbeing of the global population. Earth System sci-
ence should play a critical part in this endeavour. To do so it must connect the behaviour and
impacts of humans to biophysical processes and seek to understand the resulting very rich dynam-
ics. We have existing tools and approaches to study such phenomena. Such analysis offers signifi-
cant potential to augment existing models and methodologies and so help humanity chart a course
towards a desirable Holocene-like Anthropocene.
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Abstract

Earth System analysis is the study of the joint dynamics of biogeophysical, social and technological
processes on our planet. To advance our understanding of possible future development
pathways and identify management options for navigating to safe operating spaces while avoiding
undesirable domains, computer models of the Earth System are developed and applied. These
models hardly represent dynamical properties of technological processes despite their great
planetary-scale influence on the biogeophysical components of the Earth System and the
associated risks for human societies posed, e.g. by climatic change or novel entities. In this
contribution, we reflect on the technosphere from the perspective of Earth System analysis with
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that Haff's conception of the technosphere takes an extreme position in implying a strongly
constrained human agency in the Earth System. Assuming that the technosphere develops
according to dynamics largely independently of human intentions, Haff’'s perspective appears
incompatible with a humanistic view that underlies the sustainability discourse at large and, more
specifically, current frameworks such as UN sustainable development goals and the safe and just
operating space for humanity. Second, as an alternative to Haff’s static three-stratum picture, we
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and technospheric entities and their emergent dynamics for Earth System analysis. Third, we
argue that following a coevolutionary approach in conceptualising and modelling technospheric
dynamics, also including the socio-cultural and biophysical spheres of the Earth System, could
resolve the apparent conflict between the discourses on sustainability and the technosphere.
Hence, this coevolutionary approach may point the way forward in modelling technological
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Introduction

As a defining characteristic of the Anthropocene, human societies have created large-scale techno-
logical infrastructures such as world-spanning industrialized energy and food production and distri-
bution systems for supporting historically unprecedented numbers of human beings embedded in
increasingly complex socio-cultural structures while significantly intervening in the dynamics of the
Earth System on a planetary scale. In this way, the worldwide evolving network of mutually inter-
dependent technological and social macrostructures (examples for the latter include modern states,
bureaucracies and social institutions in general), the fechnosphere in the sense of Haff (2014a),
gives rise to key global environmental crises. These crises and their local and regional manifesta-
tions are reflected in the transgression of planetary boundaries such as those related to anthropo-
genic climate change, degenerative land-use change, accelerated biodiversity loss, perturbation of
the global biogeochemical cycles of nitrogen and phosphorus, and the creation and release of novel
entities such as nanoparticles and genetically engineered organisms (Steffen et al., 2015b).

In this contribution to the Anthropocene Review’s Special Issue on the technosphere, we reflect on
the implications and relevance of Haft’s concept in the context of Earth System analysis. This field
of research explores possible future development pathways compatible with the coevolutionary
dynamics of the biogeophysical and socio-technological spheres and aims at identifying management
options for navigating to sustainable safe operating spaces while avoiding undesirable Earth System
states such as ‘catastrophe domains’ (Schellnhuber, 1998, 1999). Our contribution intends to connect
separate discourses about the technosphere on the one hand, and Earth System analysis and sustain-
able development on the other hand, by providing insights into current debates on how to include
technological dynamics in Earth System models and exploring how the concept of the technosphere
could be used to advance the understanding of these dynamics. We begin by discussing human agency
in Haff’s technosphere concept from the perspective of sustainability science. Then we briefly con-
sider the relevant state-of-the-art of modelling technological dynamics in Earth System science and
discuss issues of collective human agency in this context. Finally, we propose a complex systems
approach for analytically dealing with the technosphere in the Earth System that is founded on (1)
coevolutionary dynamics and emergence and (2) adaptive Earth System networks.

The technosphere and human agency

Agency is a key concept in the Anthropocene discourse. It arises as a crucial issue when considering
an Earth System that is not only influenced by a socio-technological complex but also generates
with increasing severity unintended consequences from the actions of that complex with repercus-
sions for human societies. The notion of agency is traditionally debated in philosophy and sociol-
ogy, but has received much attention as well in psychology and neuroscience in the last decades. Put
simply, in these fields agency is the human experience of being the subject or owner of one’s actions.
This sense of agency is refined in the philosophy of action, where the term usually refers to the
capability of an agent to perform deliberate and intentional action as opposed to forced, determined
or random behaviour (Moya, 1990; Schlosser, 2015). The sociological concept of agency is often
used as an antonym to social structure (Elder-Vass, 2010; Ritzer, 2010). On the one hand, structure
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determines the individual’s actions and behaviour. On the other hand, structure emerges from the
actions of individuals, forming a coevolutionary loop (Snijders et al., 2010). The concept of agency
of the individual emphasizes some degree of potential primacy of the individual over structure. Thus
agency can be understood as one part of a dialectic understanding of the social.

Haff’s concept of the technosphere shifts the focus from social relations to relations between
humans and technology, a theme that is explored from other perspectives in the field of science and
technology studies (e.g. Latour, 2014). Haff raises important questions regarding human agency
and the controllability of large-scale technologies as well as the role of technology in the interrela-
tion between human societies and other parts of the Earth System. Haff attempts to take a physi-
cist’s outside point of view on the technosphere as a ‘geological phenomenon’, postulating that the
technosphere follows some ‘physical law’ or ‘quasi-autonomous dynamics’ such as the principle of
maximum entropy production (Haff, 2014a). From this perspective, human agency and purpose
may have been the originators of technological systems, but are no longer their controlling factor.
Haff thus presents an account of recent human development as only a part of the systemic dynamics
of the technosphere, thereby challenging the intuition that political decisions and societal change
are solely the result of human volitions.

Haff notes that human actions are strongly constrained by technological possibilities and
dependencies. Technologies and institutions increase societies’ robustness to external and internal
disturbances but also constitute path-dependencies and lock-ins that make large-scale changes dif-
ficult. The energy system is a good example of such a lock-in: Investments in fossil fuel technology
can be considered as costs that owners of such investments wish to recover (and large parts of
society wish to make use of). A radical shift in energy production towards renewable energies
would make these prior investments worthless. Thus, a rapid transition to renewable energies is
proving to be difficult.

Haff takes this argument to the extreme: Motivated by an apparent separation of scales between
the level of the individual and the large-scale technological complexes, as suggested by Haff’s
rules of inaccessibility and impotence (Haff, 2014a), humans as individuals do not, in his view,
exert direct influence on the dynamics of the technosphere and hence its repercussions (Haff,
2014b). Similarly, other authors argue that social metabolism can be described as a thermodynamic
machine with intrinsic momentum originating in the flows of energy and material required to con-
struct, maintain and transform large-scale infrastructures (Garrett, 2014, 2015). Haff puts this
extreme position only partly into perspective, by focusing on leadership and control. Even if
humans might have agency on an individual level, he argues that they do not have it on the aggre-
gate level. Instead, the argument in Haff’s papers suggests that the technosphere has non-human
agency, which is in line with the discourse on the possibility of the emergence of general artificial
intelligence and its consequences (Bostrom, 2014). The technosphere is presented as an emergent
super-organism with its own teleology, desires and needs (Haff, 2014a), rather than serving human
needs and normative goals.

Let us follow, for a moment, the assertion that the technosphere follows its own independent
dynamics. This would imply that there is little room for political or ethical choice on a planetary
level, e.g. for an intentional shift of technology towards sustainable production. Without the ability
to influence technological development at a large scale, efforts to establish and implement norma-
tive goals such as UN sustainable development goals (Griggs et al., 2013) and frameworks such as
sustainability paradigms (Schellnhuber, 1998, 1999) and the safe and just operating space for
humanity (Raworth, 2012; Rockstrom et al., 2009) would be futile. Taking this into consideration,
Haff’s concept of the technosphere is incompatible with a sustainable development discourse
founded on humanitarian principles.
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However, we currently see at best mixed evidence for technology following its own dynamics
in a manner that is totally independent of human intentions. Certainly, deviations from the busi-
ness-as-usual path require more effort to succeed because well-established vested interests and
technological inertia have to be overcome. But there is, in our view, no a priori reason why norma-
tive goals are unachievable; there are many examples where policies can opt out of large-scale
technologies (e.g. the global banning of CFCs and the nuclear fade out in Germany). Instead of
taking the development of technology as given, we suggest to do the opposite: frame it as a politi-
cal question, i.e. regarding collective social action.

This is perhaps the most fundamental shortcoming of Haff’s technosphere concept as it stands:
the fact that humans reflect on their relationship with the world and adapt their actions accordingly
does not seem to have any consequence for the emergent phenomenon of the technosphere. But
history, for example of economic institutions, shows that theories about human societies and their
environments can influence their behaviour, sometimes even leading to situations of self-fulfilling
or self-defeating prophecy (e.g. Ferraro et al., 2005). Therefore, we think it is essential to consider
human reflexivity as an integral part in the coevolution between technology and human societies.

In the following, we aim for a more differentiated understanding on the technosphere concept
building on Haff’s notion that

The technosphere includes the world’s large-scale energy and resource extraction systems, power
generation and transmission systems, communication, transportation, financial and other networks,
governments and burecaucracies, cities, factories, farms and myriad other ‘built’ systems, as well as all the
parts of these systems, including computers, windows, tractors, office memos and humans. It also includes
systems which traditionally we think of as social or human-dominated, such as religious institutions or
NGOs. (Haff, 2014a)

While Haff capitalizes on a geophysical perspective on the dynamics of large-scale technological
systems, he still includes social-dominated systems into his picture of the technosphere. To develop
our arguments further, we attempt to distinguish more clearly between those two classes of phe-
nomena that are emergent from the point of view of human individuals and technological objects:
(1) macrosocial entities and structures such as social networks, governments and bureaucracies,
religious institutions or non-governmental institutions (NGOs) and (2) technological macrostruc-
tures such as the internet or large-scale energy and resource extraction and transport systems.
While such a classification is not always strictly feasible because of the myriad of interdependen-
cies and co-enabling effects in densely entangled social and technological macrosystems, it is use-
ful for distinguishing agency on the level of human individuals with respect to macrosocial entities
and structures from the macro-agency of social macrostructures with respect to technological mac-
rostructures. We refer to macro-agency as the collective agency of social macrostructures in the
sense of their capability to govern, influence, direct and transform technological macrostructures.
It should be stressed that this macro-agency arises from the individual agencies and is not an
expression of an independent will, it is an emergent macro-phenomenon of networked individuals.
Macro-agency differs qualitatively from the agency of human individuals because it is subject to
distinct and strong path-dependencies and self-set rules.

Representation of technological systems in Earth System
modelling

In Earth System analysis, mathematical and computer models are used as the main analytical tool
to gain insights into the functioning and future development of components of the Earth System

Reproduced from: J. E. Donges et al., The technosphere in Earth System analysis: A coevolutionary perspective, Anthr. Rev. Rev., vol. 4, no. 1, pp.
23-33, 2017, doi: 10.1177/2053019616676608, with the permission of SAGE Publications.


https://doi.org/10.1177%2F2053019616676608

WORLD-EARTH DYNAMICS IN THE ANTHROPOCENE: A COPAN READER 20132021

Donges et al. 5

and of the system as a whole. However, the representation of human societies and technology pose
great challenges to formal modelling. Human activities as a whole are modelled in a number of
different ways at several scales (Verburg et al., 2016). At present, most global models such as those
employed in the assessment reports of the Intergovernmental Panel on Climate Change (IPCC) do
not do an adequate job of simulating the human component of the Earth System in a dynamical
way. Most global-level representations are based on general equilibrium models of the economy,
which often do not include non-linear dynamics (e.g. feedbacks and emergent properties from
agent interactions) and are based on strong assumptions about aggregate economic behaviour. For
example, integrated assessment models typically only couple biophysical Earth System models
(normally climate models) with economic models in a simple, one-way direction (van Vuuren
et al., 2012). On the other hand, complex system approaches, such as agent-based models and
simple conceptual (toy) models, generally do not operate at the large regional or global levels.

Perhaps an exception to this assessment, while still lacking representations of emergent social-
technological structures and dynamics, is the World3 model, made famous by its use in the Limits
to Growth scenarios (Meadows et al., 1972). The World3 model is basically a systems dynamics
model that is organized around five sectors — population, capital, agriculture, non-renewable
resources and persistent pollution (Costanza et al., 2007a). So although it does not contain an
explicit technosphere module, World3 does simulate the metabolism of the technosphere — that is,
the human commandeering of energy and resources and the expulsion of pollutants into the Earth
System — and some of the critical feedbacks associated with this metabolism. Importantly, the
model describes the metabolism of the technosphere as a deterministic dynamical system without
invoking explicit representations of the agency of a social planner seeking optimal trajectories
according to some prescribed utility function. Intriguingly, World3 does a remarkably good job of
simulating the observed metabolism of the technosphere from the early 1970s to the present
(Turner, 2014).

An early attempt at building a simple conceptual model of the technosphere itself, particularly
its internal structure and dynamics, arose from an analysis of the dynamics of the post-1950 Great
Acceleration (Figure 1; Hibbard et al., 2006; Steffen et al., 2007, 2015a). Although developed
before the concept of the technosphere was published, this simple conceptual model has several
features that are consistent with the technosphere idea and thus may provide a starting point for
including it in simple World—Earth System models that represent the coevolutionary dynamics of
social-technological macrostructures (‘World’) and biogeophysical processes (‘Earth’). First, the
core of the model is a production/consumption loop, driven by energy, which can be linked to a
biophysical Earth System model via resource use and waste output. Second, the critical role of sci-
ence, technology and knowledge (which can include cultural norms and values) in driving the
production/consumption loop is explicitly included. Third, the role of human agency via institu-
tions and political economy is included at a scale consistent with the technosphere concept.
Although a very simple conceptualisation, this model describes ‘... a human-created system ...
that operates beyond our control and that imposes its own requirements on human behaviour’
(Haft, 2014a).

Haff’s technosphere concept raises important questions about the adequate representation of
social and technological mechanisms and constraints in Earth System models. It presents (at least)
three basic challenges for current approaches to Earth System modelling:

(1) the technosphere’s internal complex dynamics — feedbacks, networks, emergent properties
(Verburg et al., 2016) — must be simulated at the global level;

(2) it must be interactively coupled with the rest of the Earth System at the appropriate scale,
and its most basic metabolic interactions — the commandeering of energy and resources and
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Figure I. An early conceptual model of the technosphere based on an analysis of the dynamics of the
Great Acceleration.
Source: adapted from Hibbard et al. (2006).

the expulsion of waste materials (pollutants) back into the rest of the Earth System — must
be simulated; and

(3) the model must account for human (macro-) agency at the appropriate organizational and
spatial scale, implying for instance that individual humans cannot influence the techno-
sphere at the scale that matters for Earth System dynamics.

In the following, we discuss adaptive coevolutionary modelling approaches, which might help to
tackle these challenges.

The technosphere and emergence of complex coevolutionary
dynamics

The technosphere can be thought of as an emergent, coevolved phenomenon of human societies.
Issues of scale interaction between the technosphere and human societies should therefore be con-
sidered from a coevolutionary perspective. Understanding the emergence of the processes and
pathways involved can shed light on the nature of today’s interactions between the technosphere
and its social sphere of origin. This is particularly important when transitioning from diagnostics
of historical developments to projections of possible future trajectories.

From the early palaeolithic, human societies have been characterized by an interwoven complex
of technological practices and non-trivial social structures (Camps and Chauhan, 2009).
Technologies shaped social structures, while social structures governed the use of technologies
(Boserup, 1965). The post-glacial transition from the mesolithic to the neolithic is best understood
as a transition in a socio-technological complex (Weisdorf, 2005). Early civilizations were enabled
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by the technologies they produced and in turn structured by the demands of maintaining these
technologies in villages, cities and subsequently across empires (Tainter, 1990). Today, a techno-
industrial complex is producing wide-ranging social consequences from the structure of the cities
we live in to the channels of communication we use to the daily journeys we undertake. In turn,
social dynamics and the resulting systems of preference are continuously influencing the directions
and forms technological systems take.

In both cases, the technological and the social, history has seen an emergence of interrelated
macro-scale structures. The Great Acceleration of the post-war era should be seen not only as a
marked acceleration of the environmental impacts of industrialization, technological innovation,
increased global connectivity, availability of energy and the break-through of globalized neoliberal
market principles against imperial divisions of territories and practices (Costanza et al., 2007b). It
should be equally seen as the more substantial emergence of increasingly large-scale and complex
global technological and social structures, namely the technosphere and the human sociosphere
(where the word ‘sphere’ denotes planetary-scale effects). The key question regarding the position
of the technosphere in this coevolutionary emergence, today leading to an impending environmen-
tal overexploitation of the Earth System with potentially undesirable or even catastrophic out-
comes for human societies, is that of collective agency of human societies over the technosphere,
as outlined by Haff (2014a).

From the viewpoint of coevolutionary emergence, at issue is both the relationship between
agency of individual humans vis-a-vis their social macrostructures such as international institu-
tions, industrial complexes and bureaucratic states, and the collective macro-agency of these
macro-scale social entities vis-a-vis the technological macro-infrastructures they collectively have
produced and set on their trajectories (Figure 2). Again from a coevolutionary viewpoint, social
macrostructures are the product of evolved networks of social interactions. Equally, the techno-
sphere can be conceived of as a network of evolved technological interdependencies, resource and
information flows, actions by individuals induced by the technological systems, and interactions
with social macrostructures. Haft’s particular question on the technosphere concerns the physical
and chemical laws governing technological macrosystems. However, since macrosocial and
macro-technological complexes have coevolved, there is also a large number of interconnections
between the social and technological realms that govern their joint trajectories. The dependencies
do not run largely in one direction, from the technological to the social, as Haff implies. Rather, the
open question encountered is that concerning joint coevolution, that is, the nature of the coupled
interplay between social and technological dynamics.

From the viewpoint of the individual, the challenge is twofold: understanding the relationship of
individual agency vis-a-vis macrosocial structures, i.e. the role of the individual as part of an increas-
ingly interconnected mega-society and its institutions, and the interrelationship of these mega-
societies with their technocomplexes (Figure 2). In all of this, one should keep in mind that
technological realities are heterogeneous across the globe, that historical evolution is spatially asyn-
chronous and shaped by regional preconditions, cultures and preferences. Nonetheless, the present-
day dominance of industrialization following a Western development model is striking and seems to
be, at least in the present, an attractor of the socio-technological complex once it has emerged.

Modelling the technosphere as adaptive social-technological-
ecological networks

To study the technosphere therefore requires three ingredients: consideration of coevolution and
emergence, consideration of social, technological and environmental-ecological networks and
their coupled macro-dynamics, and considerations of complexity in these dynamics. Only when
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Figure 2. The technosphere reconceptualised as an emergent phenomenon in adaptive social—
technological networks in the World—Earth System. The figure illustrates the distinction between
individual human agency (micro-level) with respect to influencing macrosocial entities and structures (e.g.
nation states, bureaucracies and other social institutions) and their collective macro-agency with respect
to technological macrostructures (e.g. the internet, global energy system, industrialized food production).
In contrast, Haff’'s technosphere concept capitalizes on individual human agency mainly with respect to
technological macrostructures, but also social macrostructures.

this tangle of coevolutionary effects is somewhat understood would the tools be at hand to ask once
more questions about the extent and particular role of human agency in governing the techno-
sphere. To assume that a decoupling of scales occurred between the social and technological
macro-levels and the level of individual agency is to downplay the collective effects of a multitude
of networks that link the scales. These networks, transferring agency, if indirectly, produce feed-
backs between the scales, the overall dynamics of which are hard to predict without the aid of
systematic, methodologically sound modelling of complex networks.

We suggest that computer simulation models of the technosphere in an Earth System context as
an intertwined social-technological—ecological system should be formulated as adaptive network
models (Figure 2; Gross and Blasius, 2008; Gross and Sayama, 2009). These models contain at
their core an explicit representation of the coevolutionary dynamics of the states of social, techno-
logical and ecological entities (nodes) and their connectivities and interdependencies (links).
Within the framework of adaptive coevolutionary networks, social processes such as opinion, pref-
erence and coalition formation (Auer et al., 2015; Holme and Newman, 2006; Wiedermann et al.,
2015; Schleussner et al., 2016) can be integrated with the metabolic network dynamics of techno-
logical infrastructures (Bettencourt et al., 2007; Jarvis et al., 2015) and technological change and
innovation, none of which are represented in state-of-the-art Earth System or mainstream inte-
grated assessment models. This perspective is in line with, and should integrate, efforts to apply
complex systems approaches and agent-based modelling techniques to the study of the economy
(Farmer and Foley, 2009; Farmer et al., 2015) as a key constituent of the technosphere. In such
an adaptive network modelling system, human agency would be reflected through decision
rules and strategies implemented at different levels of social hierarchy and coarse-graining.
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The effectiveness of this agency would then be revealed by the degree of their manifestation in the
structures and dynamics emerging on macroscopic scales (Figure 2).

Such a modelling effort would need an enormous amount of data and the theoretical knowledge
to make use of it, regarding for example the drivers of technological development, government and
business decision making on resource use and emissions, and preference formation of consumers
(Helbing et al., 2012; Verburg et al., 2016). A big challenge will be to integrate social science
research, that operates in case-specific contexts, with the generalizing framework of Earth System
models. In view of computational limitations, such models will only work by making significantly
simplifying assumptions and generalizations about the complex dynamics of the Earth System, the
social metabolisms that operate within it and the environmental and social feedbacks between
them. Therefore, we want to stress that the modelling of social-technological systems and, hence,
the technosphere, should not aim primarily at prediction of single future development pathways,
but at increasing the understanding of their macroscopic properties and emergent dynamics.
Such properties of interest include (1) the coarse-grained topology of World—Earth System state
space regions of qualitatively different degrees of desirability and safety (including safe and just
operating spaces) and resulting management dilemmas (Heitzig et al., 2016); (2) critical control
points for the technosphere where human agency can trigger transformative change, e.g. in the
energy system; and (3) interactions between social-technological and climatic tipping processes
(Schellnhuber, 2009). In this context, it will be relevant to deal with the fact that the self-referentiality
of the modeller herself and the infrastructures supporting modelling are parts of the system (the
technosphere/Earth System) that she is trying to model. This analytical complication is related to
the progression from first order to second order geocybernetics in Earth System analysis as dis-
cussed by Schellnhuber (1998).

Conclusions

Reflecting on Haff’s technosphere from the point of view of Earth System analysis, we argue on the
one hand that in discourses on sustainable development and global change it is highly relevant to
take into account explicitly the constraints imposed on human actions by the technosphere (e.g.
intrinsic inertia of technological systems), as well as unanticipated risks resulting from feedback
dynamics. In addition to environmental risks related to the transgression of planetary boundaries,
examples for unpredictable human extinction-level hazards (and related environmental impacts)
associated with technological advances including biotechnologies and the emergence of general
artificial intelligence (related to the concept of the singularity; Bostrom, 2014) are increasingly
coming into the focus of scientific scrutiny as reflected, e.g. by the recent formation of the University
of Cambridge Centre for Study for Existential Risks (http://cser.org/). On the other hand, emergent
dynamics of the technosphere do not necessarily imply extensive loss of human (macro-) agency as
arguably exemplified by the German Energiewende, planned decarbonisation policies in the wake
of the Paris 2015 climate agreement, and the social movement on divestment from fossil fuels
(Schellnhuber et al., 2016). Consequently, the technosphere should be studied as a coevolutionary
planetary phenomenon that can be understood by means of complex systems theory. Computer
simulation models as the prominent tools of Earth System analysis play a major role in this endeav-
our. Therefore, the dynamics of the technosphere and networked feedback processes with the human
socio-cultural sphere and the biogeophysical environment need to be captured in next generation
models, World-Earth models, to paint a comprehensive panoroma of global sustainability. By
allowing a focus on highly relevant emergent critical phenomena such as social-technological tip-
ping elements and their interactions with climatic and biospheric tipping processes, such analytical
tools can provide a novel and much needed systemic perspective on the safe and just operating space
for humanity and can characterize transformative pathways that lead towards it.

Reproduced from: J. E. Donges et al., The technosphere in Earth System analysis: A coevolutionary perspective, Anthr. Rev. Rev., vol. 4, no. 1, pp.
23-33, 2017, doi: 10.1177/2053019616676608, with the permission of SAGE Publications.
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Safely achieving the goals of the Paris Climate Agreement requires a
worldwide transformation to carbon-neutral societies within the next
30 y. Accelerated technological progress and policy implementations
are required to deliver emissions reductions at rates sufficiently fast
to avoid crossing dangerous tipping points in the Earth’s climate
system. Here, we discuss and evaluate the potential of social tipping
interventions (STls) that can activate contagious processes of rapidly
spreading technologies, behaviors, social norms, and structural re-
organization within their functional domains that we refer to as
social tipping elements (STEs). STEs are subdomains of the planetary
socioeconomic system where the required disruptive change may
take place and lead to a sufficiently fast reduction in anthropogenic
greenhouse gas emissions. The results are based on online expert
elicitation, a subsequent expert workshop, and a literature review.
The STis that could trigger the tipping of STE subsystems include 1)
removing fossil-fuel subsidies and incentivizing decentralized en-
ergy generation (STE1, energy production and storage systems), 2)
building carbon-neutral cities (STE2, human settlements), 3) divesting
from assets linked to fossil fuels (STE3, financial markets), 4) revealing
the moral implications of fossil fuels (STE4, norms and value systems),
5) strengthening climate education and engagement (STES, education
system), and 6) disclosing information on greenhouse gas emissions
(STE6, information feedbacks). Our research reveals important areas
of focus for larger-scale empirical and modeling efforts to better un-
derstand the potentials of harnessing social tipping dynamics for
climate change mitigation.

climate change | Paris Agreement | decarbonization | social tipping
elements | social tipping interventions

Preventing dangerous climate change and its devastating con-
sequences is a defining task for humanity (1, 2). It is also an
indispensable prerequisite for achieving sustainable development
(3, 4). Limiting global warming to 1.5 °C as stipulated in the
Paris Climate Agreement (5) scientifically implies a complete net
decarbonization of the world’s energy and transport systems, in-
dustrial production, and land use by the middle of this century. In
their “roadmap for rapid decarbonization,” Rockstrom et al. (6)
highlight that rapid increase of the share of zero-carbon energy
within the global energy system would be needed to achieve this
objective, likely alongside a considerable strengthening of terres-
trial carbon sinks. In one scenario, the zero-carbon share of the
energy system doubles every 5 to 7 y for the next several decades
(6). Carbon emissions that are currently still on the rise at rates of
0 to 2% per year, despite decades-long efforts in international cli-
mate negotiations, would thereby need to pivot to a rapid decline of
ultimately 7% per year and more. These emission reduction rates
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would surpass by far even those experienced only during periods
of massive socioeconomic crisis in the 20th century, such as World
War II and the collapse of communism (Fig. 1).

Here, the historically decisive question is whether and how such
rapid rates of deployment can be collectively achieved. Current
deployment rates of low-carbon energy sources are compatible with
the required shift but when scaled up are expected to encounter
considerable resistance due to the rigidities inherent in political
and economic decision making (7, 8), as well as new technological
demands (9, 10). Although an increasing number of countries have
already introduced or are committed to introducing carbon pricing,
the initiatives covered by carbon pricing included only 15% of
global greenhouse gas emissions in 2017 (11) and have so far
driven only marginal emission reductions (12). It is increasingly
recognized that business-as-usual technological progress and carbon
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Fig. 1. The rate of change in annual greenhouse gas emissions required for net decarbonization. Social tipping dynamics in the context of the representative
concentration pathways (RCPs) of the Intergovernmental Panel on Climate Change (IPCC) and the Paris Agreement. Left and Right exhibit the rate of change
in CO, emission per year between 1930 and 2060, and the increase in global mean temperature by 2100 relative to the preindustrial period, respectively,
under the four RCPs. The transition to a new net decarbonized state requires shifting from an incremental rise in emissions of 0 to 2% per year to nonlinear
decline at the rate of 7% per year and more (6). The figure was created using the RCP emission projections (153) and Coupled Model Intercomparison Project 5

(CMIP5) temperature projections (154).

pricing alone are not likely to lead to rapid and deep reductions in
greenhouse gas emissions (13).

At the same time, there is evidence from various scientific
fields demonstrating that rapid rates of change can be observed
under certain critical conditions in natural (14-16), socioeconomic
(17-20) and social-ecological systems (SESs) (21, 22). Increasing
attention is being given to the concept of tipping dynamics as a
nonlinear mechanism behind such disruptive system changes.
Based on a review on social-ecological tipping points research,
Milkoreit et al. (23) propose a common definition of social tipping
points (STPs) as points “within an SES at which a small quanti-
tative change inevitably triggers a non-linear change in the social
component of the SES, driven by self-reinforcing positive-feedback
mechanisms, that inevitably and often irreversibly lead to a qual-
itatively different state of the social system.” There are historical
examples of dynamic social spreading effects leading to a large
self-amplification of small interventions: For example, the writings
of one man, Martin Luther, injected through newly available printing
technology into a public ready for such change, triggered the
worldwide establishment of Protestant churches (24). An exam-
ple in the field of climate policy is the introduction of tariffs,
subsidies, and mandates to incentivize the growth of renewable
energy production. This has led to a substantial system response
in the form of mutually reinforcing market growth and expo-
nential technology cost improvement (25, 26).

In this paper, we examine a number of potential “social tipping
elements” (STEs) for decarbonization (27, 28) that represent
specific subdomains of the planetary social-economic system.
Tipping of these subsystems could be triggered by “social tipping
interventions” (STIs) that could contribute to rapid transition of
the world system into a state of net zero anthropogenic green-
house gas emissions. The results reported in this study are based
on an online expert survey, an expert workshop, and an extensive
literature review (SI Appendix).

Our results complement the existing shared socioeconomic
pathways (SSPs) that are used alongside the representative con-
centration pathways (RCPs) to analyze the feedbacks between
climate change and socioeconomic factors, such as world population
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growth, economic development, and technological progress (29).
Our results could be useful for exploring possible transformative
pathways leading to scenarios that reach net zero emissions by
2050 (30).

Defining STEs and STIs Relevant for Decarbonization
Transformation

Various types of tipping processes can be differentiated in the
literature. Many authors refer to critical thresholds (16, 28), a
notion closely related to the metaphor of a “butterfly effect” (31,
32). Other processes related to tipping dynamics include meta-
morphosis, where a rapid loss of structures of one sort occurs si-
multaneously with the development of new structures (33), as well
as cascades driven by positive feedbacks in processes occurring
simultaneously at smaller scales (34).

The social tipping dynamics of interest for this study are typ-
ically manifested as spreading processes in complex social networks
(35, 36) of behaviors, opinions, knowledge, technologies, and social
norms (37, 38), including spreading processes of structural change
and reorganization (34). These spreading processes resemble con-
tagious dynamics observed in epidemiology that spread through
social networks (39). Once triggered, such processes can be irre-
versible and difficult to stop. Similar contagious dynamics have been
observed in human behavior (35, 36), for example in assaultive vi-
olence (39), participation in social movements (40), or health-related
behaviors and traits (36), such as smoking or obesity (41, 42).

We understand STE:s as functional subsystems of the planetary-
scale World-Earth system (43) consisting of interacting biophysical
subsystems of the Earth, and the social, cultural, economic, and
technological subsystems of the world of human societies (43, 44).
Potential STEs share one defining characteristic: A small change
or intervention in the subsystem can lead to large changes at the
macroscopic level (23) and drive the World-Earth system into a
new basin of attraction, making the transition difficult to reverse
(20). Exact quantifications of the relationship between big and
small are, however, rare, as are empirical examples (Table 1). For
the combination of big interventions and big effects, there are
currently no convincing examples; however, the potential use
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Table 1. Illlustrative examples of intervention-and-effect relationships in the context of climate change mitigation

Intervention types Small effect

Big effect

Small intervention
plan (157)
Big intervention

An incremental change, e.g., a town mitigation

Inefficient interventions, e.g., the implementation
of the European Carbon Emission Trading
Scheme leading to a marginal reduction of

A tipping effect, e.g., feed-in tariffs in the German
“Energiewende” (158)

An elephant effect, e.g., reducing the Earth’s carbon burden
by means of solar radiation management geoengineering
(160)

greenhouse gas emissions due to leakage effects

(159)

solar radiation management geoengineering in the future would
fall into this category. Finally, some changes in the World—Earth
system might be driven by nonhuman and unintentional forces
(e.g., a sufficiently large meteorite hitting the Earth or a disease
outbreak), while others might be driven by conscious interven-
tions of human agency (45).

Tipping processes might be analyzed as a function of change in
a suitably selected forcing variable or control parameter (15, 27).
The pertinent World—Earth system features such as the anthro-
pogenic carbon emissions are commonly the product of complex
interactions of multiple drivers. These factor can, however, in some
cases be combined into a single dominant control parameter.

In this study, we identify a subsystem of the World-Earth system
as a STE relevant for decarbonization transformation if it fulfils the
following criteria:

Cl1. A set of parameters or drivers controlling its state can be
described by a combined control parameter that after
crossing a critical threshold (the STP) by a small amount
influences a crucial system feature of relevance (here the
rate of anthropogenic greenhouse gas emissions) leading
to a qualitative change in the system after a reference time
has passed allowing for the emergence of the effect (15).

C2. It is possible to differentiate particular human interven-
tions leading to the small change in the control parameter
that has a big effect on the crucial system feature, which
will be referred to as the STI (Fig. 2).

Established social systems, including their infrastructures, while
they may partly be open to change, tend also to possess self-
stabilizing mechanisms that oppose change, be it through infra-
structural inertia due to investment cycles or cultural or political
inertia due to deeply held traditions or power structures all rep-
resenting aspects of social complexities (Fig. 2 and refs. 46 and
47). For this reason, a cumulation of effects due to social conta-
gion, repetitive nudging, or direct intervention can lead to social
tipping dynamics (48). Starting points for such cumulations of
effects are here called STIs. Naturally, their existence, nature, and
point of departure are a function of the cumulated history of the
respective social system and, in that sense, STIs and social tipping
dynamics are path dependent.

Following Rockstrom et al. (6), in order to achieve the Paris
Climate Agreement’s goals and to avoid higher levels of global
warming at the end of this century that would imply crossing
dangerous tipping points in the Earth’s climate system (27), global
anthropogenic carbon emissions would need to be halved every
decade, achieving a peak in 2020 and then steadily decreasing to
reach net zero emissions by 2050. Achieving net zero global
emissions around 2050 is necessary for there to be a significant
probability of limiting global warming to 1.5 °C by the end of the
century (1). To ensure that the social tipping dynamics identified
in this study are compatible with these constraints, we impose the
following filtering criteria:

2356 | www.pnas.org/cgi/doi/10.1073/pnas.1900577117

F1. The time needed to trigger the tipping should not exceed
~15'y, and the time needed to observe a qualitative change
at the whole system level should not exceed ~30y (Fig. 1).

F2. Since abrupt social changes have historically often been
associated with social unrest, war, or even collapse (49),
human intervention and its foreseeable effects should here
be explicitly compatible with the Sustainable Develop-
ment Goals (50), in the sense of positive social tipping
dynamics (34).

Finally, due to the networked and multilevel character of the
social system (51), we also ask about the feedback mechanisms
connecting and potentially mutually reinforcing the identified
candidates for STEs and STIs.

Results

Candidates for STEs from Expert Elicitation. Both natural and social
systems are characterized by a high level of complexity and are
linked by coevolutionary dynamics (52). Isolating the elements of
such systems is difficult. Although we provided our respondents
with a written definition of a STE, most of the online survey
participants referred to what we define as STIs. On the basis of
the responses, 12 groups of candidates for STEs could be iden-
tified, each referring to a distinctive control parameter (Table 2).
The critical threshold of the control parameter needed to be crossed
in order to trigger the tipping process was in most of groups not
quantified by the experts but described qualitatively. The STP was
often referred to as the point when a certain belief, behavior, or
technology, spreads from a minor tendency to a major practice.
Documented instances of technology and business solutions show
that a 17 to 20% market or population share can be sufficient to
cross the tipping point and scale up to become the dominant
pattern (53). Some authors, however, argue that it must be the
“right” share of population, including well-connected influential
people, trendsetters, and other types of social leaders with a high
degree of agency (38, 54). In other cases, the experts referred to
the STP that would be achieved if the price of fossil-fuel-free
products and services falls below that of those products and ser-
vices based on fossil fuels. Table 2 presents an overview of expert
elicitation results.

Critical Interventions for Inducing Social Tipping Dynamics. Building
upon the results of our expert elicitation, we differentiated six
key candidates for STEs and associated STIs for which we were
able to find empirical material showing that they fulfill the
conditions specified in our definition (as listed in Table 3). These
do not necessarily comprise a comprehensive list of “silver bul-
let” solutions; rather, this is an initial selection that can help in
developing more refined socioeconomic rapid transformation
pathways and narratives customized at appropriate scales. Be-
low, we present a review of literature on each of the STEs and
STIs nominated by the experts. We search for evidence sup-
porting the potential of the interventions to trigger tipping-like
changes in their domains leading to a qualitative change at the
World-Earth system level; we ask whether critical thresholds in
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Fig. 2. The concept of decarbonization transformation as social tipping dynamics. As illustrated in A by an abstract stability landscape (155), the world's
socioeconomic system today is trapped in a valley where it still depends heavily on burning fossil fuels, leading to high rates of greenhouse gas (GHG)
emissions. STIs have the potential to erode the barrier through triggering social tipping dynamics in different sectors (Fig. 3) and thus paving the way for rapid
transformative change. Uncertainties and complexities inherent in the many dimensions of human societies beyond their level of decarbonization (46) can be
envisioned as forming a rougher stability landscape featuring multiple attracting states and a larger number of barriers that need to be eroded or overcome
(B). This inherent “social noise” may complicate transformative change but could also accelerate it by means of dynamical phenomena such as stochastic

resonance (156).

the control parameters can be determined; and finally we begin
to examine the interactions and feedbacks among the identified
tipping elements.

STIs in the energy production system. The technological development
in the energy production system is a dominant element of the
decarbonization discussions in international institutions (55, 56)
and business partnerships (57). The results of our expert elici-
tation confirm that technology development is likely to play a key
role, however, not in the sense of yet-to-be invented technolog-
ical solutions, but rather in the adaptation of existing carbon-free
technology primarily in the power sector and by facilitating a smarter
utilization of energy. The main control parameter that drives the
adaptation of fossil-fuel-free energy technology is associated with
the financial returns of its adoption (58). Our expert group be-
lieved that the critical condition needed to trigger the tipping
process is the moment when fossil-fuel-free energy production
yields higher financial returns than the energy production based
on fossil fuels. The empirical data show that this critical threshold
is about to be reached; the prices of renewables have dropped
sharply in the last few years, and they have already become the
cheapest source of energy in many world regions. The average cost
of onshore wind dropped by 18%, and offshore wind fell by 28%
(59). The costs of photovoltaic modules fell by about 20% with
every doubling of cumulative capacity since the 1970s (60) and the
key role in reducing the cost of photovoltaics was played by pol-
icies that stimulate market growth (26). Optimization modeling
shows that renewable energy supplies can potentially supply 100%
of human power demand (61), and in theory, rapid transformation
to low energy demand is possible (30) and will be cost-effective in
the long run (62). However, there are large costs associated with
adapting existing infrastructure and supply and demand support
services to meet the demands of nondispatchable, volatile renew-
able sources like wind and solar in electricity generation. The
question is whether the cost of transforming the energy infrastruc-
ture is worthwhile compared to the cost of inaction. The prioritiza-
tion of societal preferences in the competition for scarce budgetary
resources is influenced by the dominant social values (63).

Our expert group believed that redirecting national subsidy
programs to renewables and low-carbon energy sources or re-
moving the subsidies for fossil-fuel technologies are the tipping
interventions that are needed for the take-off and diffusion of fossil-
fuel-free energy systems. The key actors who have the agency to
implement these interventions include national governments and
energy ministries, and the response of large energy companies is
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important. One-third of global industrial greenhouse gas emissions
can be linked just to 29 oil and gas companies (64). The Interna-
tional Energy Agency has tracked fossil-fuel subsidies over the last
decade and in 2009 estimated that $312bn was spent worldwide in
fossil-fuel subsidies, compared to $57bn on renewables in that year
(65). By 2015, the gap had narrowed, but the subsidies received by
fossil fuels were still more than twice those of renewables (66).
Estimates show that a universal phaseout of fossil-fuel subsidies
could lower annual carbon emissions by 4.4% (67). Coady et al.
(68) argue that eliminating subsidies for fossil fuels would have
reduced global carbon emissions in 2013 by 21%.

Furthermore, our expert group believed that the global energy
production and storage system can also be radically changed by
decentralization of energy production. Since large power stations
relying on coal, oil, or gas exploitation are not profitable below a
certain threshold of households supplied, decentralized genera-
tion systems and transitioning to local power generation might be
expected to lead to a virtually complete decarbonization of pro-
duction systems (69, 70). However, this is also likely to lead to an
increase in costs due to the loss of economies of scale (69), and the
complexities of integrating variable, distributed power sources
(71). This emphasizes the need for decentralized energy genera-
tion and demand management to be part of the wider energy
systems transformation (72). It has been argued that citizens also
have a major role to play as nodes in a smart system capable of
facilitating flexible demand management (73). Some authors also
warn that meeting current levels of demand (let alone future
projected demand) with renewables alone is likely to be extremely
difficult (74, 75). Nonetheless, interest in decentralized control of
energy systems is growing. Across the Global North, there are a
multitude of examples of energy cooperatives and community-
driven energy projects (76). Such projects have often found cre-
ative ways to overcome limitations imposed by centralized distri-
bution networks, e.g., by using smart technologies to divert excess
power for local heating (77), or by bringing municipal supply
networks into community ownership (78). They show such ini-
tiatives may also spark around the Global South by skipping the
“megadevelopment” phase associated with large power stations
and massive grid infrastructure expansion. Due to the positive
knowledge and technology spillover effects from such decentral-
ized systems, the technology costs are likely to be further reduced
with their increased diffusion (79, 80). The time elapsing be-
tween the planning phase and actual installation and utilization
of decentralized energy generation is reportedly less than 10 y (81).
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Table 2. The candidates for social tipping elements for rapid decarbonization identified by expert elicitation

Candidates for social
tipping elements

Key actors able to influence

the control parameter

Main control parameter

Examples of interventions

Critical threshold in the
control parameter

Climate policy
enforcement

n* =42 (20%);
Conf."=3

Information feedback
n =37 (17%); Conf.=3

Financial market
n =26 (12%); Conf.=3.6

Energy production and
storage
n =24 (11%); Conf.=3.8

Knowledge system
n* =16 (7,7%);
Conf."=3.7

Other technology
n =15 (7%); Conf.=4

Values and norms
n =12 (6%); Conf.=3

Human settlements
n =10 (5%); Conf.=3.7

Lifestyles
n =10 (5%); Conf.=3.7

Citizenship involvement
n =17 (3.8%); Conf.=3.1

Education system
n =5 (2.4%); Conf.=3.2

Population control
n =3 (1.4%); Conf.=2.3

International agencies,
national and local
governments, political
elites, industry, NGOs,
business, the public

Scientific community,
media, citizen
organizations, industry

International agencies,
national and local
governments, financial
sector, industry

Conventional and green
industries, national and
local governments,
NGOs, public-private
partnerships

Intellectual leaders,
scientific community,
media

Industry, governments,
media, agro-industry

Spiritual leaders, media,
young generation,
middle class

Industry, city authorities,
governments

Food and car industry,
writers, wealthy
fashionable people,
media

Civic and nonprofit
organizations, media,
the public

Scientists, teachers,
educational ministries

Political leaders, religious
organizations

The number of
regulations restricting
the use of fossil fuels

The share of products
and services
containing GHG
emission information

Market value of fossil-
fuel extraction and
industry

The relative price of
fossil-fuel-free
energy production
and storage

The number of people
having worldviews
accounting for
socioecological
complexities

Energy demand

The perception of fossil
fuels as immoral

The demand for fossil-
fuel-free technology

Number of people
choosing fossil-fuel
free products

Citizenship commitment
to climate mitigation

The presence of climate
change and relevant
concepts in the public
education

The number of
greenhouse gas
emitters

A global environmental court;

producer responsibility and
circular economy; limiting the
use of fossil fuels sector by

sector; banning advertisement

of fossil-fuel products;
abolishing the trade in fossil
fuels

Adequate information on

emissions of products and
services; labeling; growing
awareness of global risks and
health consequences

Carbon taxes and permits;
Divesting; reinvesting; national

banks warning commercial
banks to reduce risk with
carbon-intensive investments

Cessation of subsidies for fossil-
fuel technologies; decentralized

and distributed energy

generation; renewable energy
deployment; community energy

hubs; nuclear energy
deployment

Reconceptualization of economics

and valuation measures;
convincing narratives of what
can be gained from
decarbonization; indigenous
approaches to nature

Digitalization of the economy;

tele-working; e-mobility;
artificial meat; multipurpose
farm-ponds

A new set of moral and ethical

codes; revealing the moral
implications of fossil fuels,
stigmatization of fossil fuels

Reallocation and redesigning of

human settlements; energy
independent housing; new
building materials; carbon-
neutral cities

Vegetarian diets; lower

consumption; fossil-fuel free
consumption

Grassroots organizing resistance; a

global network of social
movements

New educational programs at all

levels of public education
including climate change,
ecological networks, system
thinking

Limiting human population

growth

Eliminating the use of fossil
fuels from most of
sectors and spheres of
human life

The GHG emissions
information visible for
most of products and
services

The market value
decreasing rapidly in
comparison with other
comparable investments

The price of fossil-fuel-free
energy becoming lower
than the price of fossil-
fuel energy

The worldviews spreading
from the minority to the
majority of key actors

Energy demand reduced to
a level that can be
sustainably produced

Spreading from the
minority to the majority
of key actors

Fossil-fuel-free technology
becoming the first choice
in new infrastructure
projects

Spreading from the
minority to the majority
of the population

From a minor tendency to a
global citizen movement

The relevant concepts
becoming a part of the
main curriculum

Population decreasing to a
number that can be
sustainably supported

*n: The frequency of survey answers is referring to the number of the survey answers refereeing to this topical area and a share (percentage) of total survey

answers.

TConf.: How confident are you that the associated social tipping point is actually going to take place and contribute substantially to a rapid and complete
global decarbonization by 2050? 1, Very uncertain; 2, uncertain; 3, rather uncertain, 4, rather confident; 5, confident; 6, very confident.
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Table 3. Synthesis of the research results on the key candidates for social tipping elements selected by the experts and their associated
social tipping interventions

Estimated time
needed to
trigger tipping

Dominant social
structure level

GHG emission
reduction potential

Control
parameter

Social tipping
element

Social tipping

intervention Key actors

STE1: Energy
production
and storage

STI1.1: Subsidy
programs

The relative price Governments,
of fossil-fuel- energy ministries,
free energy big energy
producers (68)

Up to 21% globally
in 1y (68)

National policy (68) 10to 20y
(including the
policy-
formative
phase) (161)

STI1.2: Decentralized Citizens, Less than 10y

Up to 100% in power  Community/town

energy communities (73), supply (61) governance (165) (81)
production local governments
(162), policy
makers (163),
energy planners
(164)
STE2: Human STI2.2: Carbon- The demand for City administration, Reduction by 32% in Urban governance  Approximately
settlements neutral cities fossil-fuel-free  citizens, and 14y (91) 91) 10y (91).

technology citizen groups

(166)

STE3: Financial ~ STI3.1: Divestment  Profitability of ~ Financial investors ~ 26% emissions tied to  Market exchange,  Very rapid, could

market movement fossil fuel (96) investments of alarge  enterprise (98) occur
exploitation Canadian university within hours
(167) (142)
STE4: Norms and STI4.1: Recognition  The perception  Peer groups, Unprecedented Informal 30to 40y (172)
values system of the immoral of fossil fuels environmental institutions,
character of fossil as immoral organizations, enforcement

fuels youth, opinion
leaders (168-170)

through peer
groups (171)

STE5: Education  STI5.1: Climate Climate change Teachers, climate Up to 30% reduction in National policy (173) 10 to 20 y (173)
system education and and impacts educators (117), 2y in the emissions of
engagement awareness youth (113) the Italian
households included
in the study (124)
STE6: STI6.1: Emission The number of  The business and Up to 10% reduction of Market, exchange A few years (178)
Information information products and producers; emissions in UK (176); enterprise
feedback disclosure services governments for households’ grocery (177)
disclosing their  setting disclosure consumption in a year
carbon guidelines and (175)
emissions regulations (174)

However, existing energy systems and infrastructure are likely to
shape the future for decades to come (82).

STis in human settlements. Direct and indirect emissions from
buildings account for almost 20% of all carbon emissions, and we
observe an unprecedented scale of global urbanization; each
week the global urban population increases by 1.3 million (55).
The average life span of buildings is about 50 y (83). Public in-
frastructure and planning structures can last even longer (50 to
150 y) and play an active role in both climate mitigation and
adaptation (84). Modifying building codes for construction and
infrastructural projects can actively drive the demand for fossil-
fuel-free technologies and are crucial especially for countries in
the Global South, where building booms are driving up energy
and other resource use (85). An example of a STI in this realm is
the creation of large-scale demonstration projects such as carbon-
neutral cities. These are important in order to educate the general
public and stimulate consumer interest in environmental tech-
nologies, accelerating their dissemination and commercialization
(85). In addition, local technology clusters create positive spillover
effects of lowering the information and transaction costs (86),
which can indirectly lead to a reduction in the costs of fossil-fuel-
free technologies for energy production and storage. The critical
conditions for social tipping in this control parameter would be
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achieved if the fossil-fuel-free technology became the first choice
for new construction and infrastructure projects. There are many
new construction materials that not only imply lower emissions but
also could actively support carbon sequestration efforts in urban
areas. To give an example, constructing a 142-m-high residential
building using above 80% laminated timber could lead to seques-
trating 21,040 tons CO, and avoiding 50,000 tons CO, emissions
otherwise entailed in using standard construction materials such as
steel and concrete, which is equivalent to the amount 33,000 cars
emit per year (87). In addition, large-scale public infrastructure in-
vestments support the emergence of a shared belief in the emerging
new social equilibrium that can help individuals coordinate changes
and find new focal points (88). The example of the Transition Town
Movement that started in 2006 in the United Kingdom and in 2014
spanned over 41 countries shows how local grassroots initiatives can
encourage citizens to take direct action toward lowering energy
demand and building local resilience despite lack of policy sup-
port at national levels (89). Another example includes the En-
ergy Cities Association, whose primary goal is to accelerate the
transition to sustainable energy in urban areas in Europe. The
Association was created in 1990 and currently represents more
than 1,000 towns and cities in 30 countries (90). The evidence
from a case study on communities implementing plans for zero
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emissions shows that these communities were able to reduce
their per-capita emissions by 32% in 14 y (91).

STIs in the financial system. The financial crisis in 2008 demonstrated
how rapidly changes in the market value of assets in one sector
and country can propagate and destabilize the global system of
human societies and accelerate changes at the level of individ-
ual investment and consumption behavior as well as collective-
organizational and policy responses (92). Maintaining global
warming below 2 °C implies that 33% of oil, 49% of gas, and
82% of coal resources should not be burned (93). This suggests
there might be a risk of a carbon bubble, caused by the financial
exposure from stranded assets, which could be driven by policy,
technological innovation, or investors’ decisions (94). A growing
number of analysts believe a financial bubble is emerging that
could burst when investors’ belief in carbon risk reaches a certain
threshold (95). Simulations show that just 9% of investors could
tip the system, inducing other investors to follow (96). An ex-
ample of an intervention that can lead to a rapid decline in the
control parameter—the value of fossil-fuel assets—is the di-
vestment movement; as it progresses, it results in the reduction
of the value of fossil-fuel assets (97). The movement started with
a student campaign in 2011 and is quickly expanding to other
countries and types of asset owners. The value of investment funds
committed to selling off fossil-fuel assets reached $5.2tn in 2016,
doubling in just over a year and permeating enterprises in every
sector of society, with examples including universities, faith groups,
pension funds, and insurance companies (98). Ritchie and
Dowlatabadi (94) present model scenarios showing that a major
Canadian university could reduce the greenhouse gas emissions
tied to its investments by up to 26% by restructuring its port-
folios, moving investments away from greenhouse gas-intensive
sectors. Many divestment campaigns have an additional “divest
to reinvest” element that advocates using funds invested in fossil-
fuel companies to reinvest in socially and environmentally bene-
ficial projects, such as low-carbon and renewable schemes (99),
creating the positive-feedback interactions with the STE1. An
avalanche effect would be triggered if national banks and in-
surance companies warned against the global risk associated to
stranded assets from fossil-fuel projects. These concerns are
growing in Europe, and there are already signs of a tipping point,
namely cuts in financial and insurance support for coal projects
(100). Norwegian financial authorities might soon be divesting the
country’s sovereign wealth fund. Around 6% (€30bn) of this
fund’s wealth is invested in oil and gas companies (101).

STIs in the system of norms and values. The extraction and use of
fossil fuels out of line with the Paris Climate Agreement targets
is arguably immoral, as it would cause widespread grave and
unnecessary harm (97). The impact of greenhouse gas emissions
disproportionately affects the most vulnerable social groups,
such as women and children (102). It also affects the well-being
of future human generations (103) and causes many direct nega-
tive health effects (104). Historical cases show that social and
moral norms can affect human behavior on a large scale (38). The
abolition of the transatlantic slave trade, for example, showed that
changes in the ethical perception of slave labor at that time were
consciously initiated by a small group of intellectuals (105). Re-
vealing the moral implication of the continued burning of fossil
fuels is an example of an intervention that is likely to induce a
tipping process through changes in the human normative system,
i.e., the system of moral and behavioral norms that influence what
is rewarded and desired in the society. Norms can develop through
social networks in neighborhoods or workplaces and support certain
lifestyles or technology choices (106). A study on the installation of
photovoltaic panels by home owners showed social networks and
dwelling proximity explained the owners’ decision to install photo-
voltaic panels on their homes (107). The control parameter is
represented by the ethical perception of fossil fuels, the environ-
mental externalities they generate, and the broader harm they visit

2360 | www.pnas.org/cgi/doi/10.1073/pnas.1900577117

on societies. The critical condition in the control parameter will be
achieved if the majority of social and public opinion leaders rec-
ognize the ethical implications of fossil fuels and generate pressure
in their peer groups to ostracize the use of products involving fossil
fuel burning. This could be more widespread in religious commu-
nities and be led by spiritual leaders, perhaps following the example
of Pope Francis’s encyclical Laudato si’ (108). It could alternatively
be manifested as a secular trend originating mainly from young,
intellectually and social justice-oriented groups of people who might
actively stand against supporters of fossil fuels—these would include
extraction and utilization companies, governments supporting the
latter, as well as the superrich family clans generating wealth from
fossil fuel extraction and utilization in the last 150 y. The wealth of
about 11% of the world’s billionaires is related to energy production
(excluding solar and wind), mining, and other natural resource
utilization (109). Recent experimental evidence shows that domi-
nant social conventions or established behavior can be changed by
committed minorities of roughly 25% of a group (36). Social norms
are the sources of law (110); therefore, recognizing the immoral
character of fossil fuels can further lead to regulations restricting the
use and extraction of fossil fuels (111).

The time elapsing from the recognition of the activity as a
problem and as a matter of a moral choice by international legal
scholars, religious groups, and other moral entrepreneurs, to
international delegitimization might range from a few decades to
a few centuries. The slavery abolition movement started in 1772
in England and led to the abolition of the slave trade in 1807 and
in the 1833 to the total abolition of slavery in the British Empire.
The historical data show that although the number of slaves traded
in the British Empire dropped to zero by 1826, the number of in-
ternationally traded slaves started to decrease around the mid-19th
century. However, after reaching its peak, the number of slaves
traded internationally decreased exponentially within just a few
years. In the period 1851 to 1860, 71% fewer slaves disembarked
than in the period 1841 to 1850 (https://slavevoyages.org/). A
more recent example of outlawing the use of substances re-
sponsible for ozone depletion showed that such changes might
occur in less than 30y (112). However, the financial and political
power of the fossil fuel industry suggests the need for much
more substantial political effort to ensure such a change, than
would have been the case for the issue of ozone depletion (99).
There is recent anecdotal evidence that protests, such as the
#FridaysForFuture climate strikes of school students around the
world, the Extinction Rebellion protests in the United Kingdom,
and initiatives such as the Green New Deal in the United States,
might be indicators of this change in norms and values taking
place right now (113).

STls in the education system. Many examples of research confirm the
role of education in social transformations (114) and tackling
climate change concerns (115, 116). The control parameter that
relates to this intervention is the coverage of climate change is-
sues in school and university teaching programs. While many
teachers include some, often thin, coverage of climate change
(117), comprehensive approaches at all levels of public education
are still rare. Lack of knowledge about the causes, impacts, and
solutions to climate change was the most easily identifiable indi-
vidual barrier to engagement in climate action in the United
Kingdom (118). At the same time, studies show that the divergent
ways of understanding climate change draw on discourses broader
than scientific knowledge; these differences may be blamed for
misinterpretation of scientific notions such as uncertainty (119) as
well as for the tendency to attribute responsibility for causing and
mitigating climate change to others (118). Formal and lifelong
education is traditionally considered a slow and evolving process,
but there are examples of rapid change that can be generated.
Quality education supports and amplifies norms and values and
can quickly inspire behavior change among individuals and their
cohorts. In addition, massive literacy campaigns, such as the one

Otto et al.

Reproduced from: I. M. Otto et al., Social tipping dynamics for stabilizing Earth’s climate by 2050, Proc. Natl. Acad. Sci. U. S. A., vol. 117, no. 5, pp.
2354-2365, 2020, doi: 10.1073/pnas.1900577117. Published under Creative Commons Attribution License 4.0 (CC BY).


https://doi.org/10.1073/pnas.1900577117

Downloaded by guest on February 15, 2021

that took place in Cuba in the 1950s, where in a less than a year
illiteracy was reduced from 24 to 3.9% (120), demonstrate the
potential for rapid societal transformation. The effects of changes
in educational programs can also lead to a social tipping process as
soon as the new generation enters the job market and public
decision-making bodies. The recent #FridaysForFuture protests
demonstrate the upcoming new generation might radically change
the political scene. It is estimated that within just half a year the
school children movement grew to 1.5 million students in 125
countries. The effects of educational campaigns can be strength-
ened by a supportive family and community context as well as by
media campaigns, advertising bans, higher taxes, use prohibitions,
and lawsuits against producers (121). Warner (122) shows that
combined educational and mass-media campaigns in the 1970s
in the United States led to 4 to 5% annual decrease in cigarette
consumption. In the climate change context, Dietz et al. (123)
show that interventions that combine mass-media messages,
household- and behavior-specific information, and communica-
tion through individuals’ social networks and communities could
lead to reductions of 20% in household direct emissions in less
than 10y, with little or no reduction in household well-being. An
educational campaign carried out in five Italian cities for 2y,
involving teachers, pupils, and citizens, resulted in an emission
reduction in a range of 7 to 30% in the 247 families included in
the research (124). That said, education to bolster understanding
of the causes and effects of climate change, however important,
will not be sufficient to transform society alone. Sustainability
cannot be imposed, it has to be learned, so that is endogenously
realized and enacted deliberately by the actors who constitute
the SES (46). Engagement and the fostering of sustainable life-
styles and career pathways by transforming schools into living
laboratories (125) is necessary to counter the often overlooked
shadow side of education, since the secondary and higher levels of
education are currently associated with higher resource use (126).
STIs through information feedbacks. The last tipping intervention is
related to the flow of information and creating positive in-
formation feedbacks. The control parameter is represented by
the transparency of the impact of individual consumer and life-
style choices and carbon emissions. Transparency and disclosure
of information about carbon emissions are needed, for instance,
not just to provide a solid basis for global, regional, and national
policies (127) but also to increase public and consumer aware-
ness and improve labeling programs (128), triggering action and
lifestyle changes to support decarbonization (129). The recent
disclosure of the close ties between RWE, the biggest energy
company in Germany, and regional politicians protecting their
interest in the lignite coal extraction areas in Hessen led to a
nationwide social movement and massive public demonstrations
against plans to clear the Hambach Forest (130). Corporate
disclosure of carbon assets can also help to overcome the short-
term horizons of fund managers (131) and create a positive
feedback in the divestment movement.

Another positive feedback can be identified between the in-
formation system and public education. Enhanced public knowl-
edge and understanding by the broader public of the main variables
and processes in the Earth’s climate system and their linkages with
human activities could increase public sensitivity to emissions-
related information (132). Just as most product packages display
nutritional facts, some authors propose they could display a second
label on “Earth facts” and disclose the information on their carbon
footprint and other emissions (133). In comparison, the global
market for organic products, driven primarily by health concerns
but clearly stimulated by providing clear labeling, increased at rates
above 10% per year (134).

Discussion and Conclusions

Each of the STEs discussed above exists in the real world in
varying degrees, locations, and scales and shows the potential to
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boost a decarbonization breakthrough. Since social-ecological
dynamics are subject to complex processes that cannot be fully
anticipated, it is not possible to predict when and where exactly
tipping points will be crossed. However, the system can be im-
perfectly navigated intentionally to achieve certain desirable
conditions and capacities (34). The social tipping dynamics are
likely to spread through adaptive networks of interactions rather
than via straightforward cause-effect systems. The identified
interactions between the various STEs mean that they can po-
tentially reinforce one another, making a transition to decar-
bonization more likely if several are triggered simultaneously
(Fig. 3). In addition, crossing multiple tipping points in diverse
systems of action increases the likelihood of breaking existing
systemic inertia and lock-ins and thereby achieving the climate
policy goals (34, 45). The interactions between the nominated
candidates for STEs could be organized as different possible
transformative pathways leading to crossing tipping points across
scales and regions. These “tipping transformative pathways” can
potentially show the bottom-up emergence of the global sus-
tainability pathway (SSP1) (135).

One possible transformative pathway that has recently started
to materialize has been initiated within the education system by
school children who started the climate strikes #FridaysForFuture.
The movement is causing “irritations” in personal worldviews (136)
and thus might be changing peoples’ norms and values and the
ways of thinking and acting, possibly leading to changes in policies
and regulations, infrastructure development, as well as individual
consumption and lifestyle decisions. For example, as a result of the
massive school student protest in Germany, even the traditionally
climate-conservative parties recently started to address climate
change issues in their programs (137). The increasing awareness of
the seriousness of climate change might drive an increasing de-
mand for greenhouse-gas emission disclosure of various products
and services. It might also drive an increased recognition of the
intergenerationally unethical and immoral character of fossil fuels
that will furthermore strengthen the legitimacy of carbon mitiga-
tion policies, including the removal of fossil-fuel subsidies. Al-
though changes of norms, customs, and beliefs occur very slowly
(138), one should keep mind that now is not year zero of the global
sustainability transformation. It has now been 30 y since the In-
tergovernmental Panel on Climate Change (IPCC) was endorsed
by the United Nations and issued its first report recognizing the
anthropogenic character of climate change, and many important
milestones have been reached since then, including publishing the
subsequent IPCC reports, Pope Francis’s encyclical Laudato si’,
and numerous events led by artists and activists increasing the
concern about climate issues. The example of “flight shaming” that
was initiated by a Swedish Olympic athlete and has been popu-
larized in social media (139), shows that society may now be just at
the edge of tipping in the realm of social norms and beliefs. The
high number of seats that environmentally oriented parities re-
cently won in the European Union (EU) elections (140) shows
that EU policy might potentially undergo a substantial shift
within the next few years, the EU becoming a global leader in
carbon mitigation efforts.

A global breakthrough could also be initiated at the level of
resource allocation by redirecting financial flows in line with the
divestment movement and improving information feedbacks by
disclosing the greenhouse gas emissions of products and services.
At this level, firms take consumption and production decisions
constrained by budget as well as by information and technology
availability (20, 51). Changes at this level occur continuously. Very
rapid changes, at a rate of 50% or more, can occur within a few
months. This is shown by public opinion polls on, for example,
political preferences following information flows, particularly in
online social media (141). Rapid changes in stock markets can occur
within hours (142). Nevertheless, such trends rarely lead to bigger
changes in human societies without simultaneous institutional

PNAS | February 4,2020 | vol. 117 | no.5 | 2361

2354-2365, 2020, doi: 10.1073/pnas.1900577117. Published under Creative Commons Attribution License 4.0 (CC BY).

SUSTAINABILITY

SCIENCE


https://doi.org/10.1073/pnas.1900577117

Downloaded by guest on February 15, 2021

CONCEPTUAL FOUNDATIONS AND MAKING THE CASE

World system of human societies
Social structure layers

Estimated time needed to
trigger social tipping

STE4: Norms and values
Customs, norms, religion system Very slow (>30 years)
=STI4.1: Recognition of the moral
5 l t implications of fossil fuels
= 1
N STES5: Education system
= - " ® .
% Policies and regulations STlefj.JéiihoTale Slow (~10-30 years)
n Infrastructure
STI1.1: Removal of
l t :fossil fuel subsidies
1
t ' STE2: Human STE1: Energy production
1 Technology settlements and storage system /
1 ~
Governance B Rapid (=5-10 years)
c A& STI2I:Carbon  Qri4 5: pecentralized
'.9.. neutral cities energy generation
s | !
] ! STES: Information |,
c N ) feedbacks
Resource allocation, STES3: Financial market .f STI‘.G':]:‘?H?
informatiot Isclosure
ER SN & STI3.1: Fossil fuel .
divestment Very Rapid (<1 year)
— T —— 1
— T o 7 [} 1
_:"' e N o /’ 1 Positive feedbacks 1
g - ey . 1 between the STEs |
GHG emissions. == St e S0 1 1
and land use o (=) - S Climate impacts, | 1
S . o X
] windows of opportunity Direct World-Earthi
N Mo b [} system 1
Earth’s climate system - = Indirect
= - 1 feedbacks |
Climate tipping elements &y e |

Fig. 3. Social tipping elements (STEs) and associated social tipping interventions (STIs) with the potential to drive rapid decarbonization in the World-Earth
system. The processes they represent unfold across levels of social structure on widely different timescales, ranging from the fast dynamics of market exchanges
and resource allocation on subannual timescales to the slow decadal- to centennial-scale changes on the level of customs, values, and social norms (51).

changes. The institutional changes, requiring more time, such as
transforming the public subsidies and taxation systems, are needed
to stabilize the new emerging system. Otherwise the system might
become increasingly unstable, bouncing back and forth between
the old and new social order, delaying the transformation. A well-
documented example of such a phenomenon is the rebound effect
(143, 144). Even the frequently quoted “successful” example of
feed-in tariffs and German energy transition “Energiewende” to
renewables, which used the rapid change in public opinion in the
aftermath of the nuclear catastrophe in Fukushima in Japan in
2011, have recently faded away due to the lack of sufficiently
sustained societal and policy support (145).

Many of the nominated candidates for STEs extend beyond
achieving greenhouse gas reduction and can be potentially
interlinked with achieving other global policy goals, such as the
Sustainable Development Goals. Many of the interventions dis-
cussed above include a range of well-being and public health
cobenefits (68). Solving the climate crisis could be a chance to
redesign the global socioeconomic institutions toward achieving
a more just and equitable future (146). Several authors point out
that environmental catastrophes, including increased severity and
frequency of climatic extremes, might act as “windows of oppor-
tunity” that give rise to uncertainty and confusion, which might in
turn motivate actors to engage in reflective processes and take
sharp breaks from the existing procedures and policies (147) (Fig.
3). However, although the opportunity for a revolutionary change
might emerge due to external or environmental factors (148), it is
important to actively work with the social complexities (Fig. 2) and
the relevant key social actors (Tables 2 and 3), to increase public
acceptance and support for the transformative changes to come.
To ensure that climate-related social learning will take place, it is
necessary to understand how changes of perceptions and aware-
ness, motives, and interests of various actors take place and how
institutional innovations occur (149).

We call on both social and natural sciences to engage more
intensively in collaborative interdisciplinary research to under-
stand rapid social transformations, STEs, and their interactions
with tipping elements in the Earth system. Planetary social-
ecological models and machine-learning techniques can help to

2362 | www.pnas.org/cgi/doi/10.1073/pnas.1900577117

explore the control parameters and critical thresholds in the
trajectory of this World—Earth coevolutionary dynamics (43). We
also encourage studies on the archetypes of social transforma-
tions (150) in different world regions as well as using insights and
methods from the natural sciences to study the complexity of
social systems. Both empirical studies and modeling exercises
could also help to assess the distributional impacts of STIs and
factors influencing their effectiveness. Our study presents a com-
prehensive empirical analysis of social tipping dynamics for global
decarbonization. However, since our results were derived from an
elicitation process involving small and nonrepresentative samples
of experts, more research is needed to verify our findings and to
provide more robust empirical evidence and data. Experts from
the research sector and the Global North were overrepresented
in our sample. Therefore special attention should be given to the
expertise of low-carbon and sustainability practitioners as well as
to providing more empirical material from the Global South.
Finally, the urgency and complex character of climate change
require transdisciplinarity and engagement with social movements,
knowledge brokers, and change leaders (151). More research is
needed on understanding the required social processes and the
drivers and incentives for short-term engagement of diverse co-
alitions of action around concrete solutions and strategies at
various governance levels (152).

Materials and Methods

The primary data collection tool was an online expert survey that was sent to
over 1,000 international experts through a private message or addressed
through mailing lists of organizations in the field of climate change and
sustainability. A full list of all survey questions as well details on the research
organization are provided in S/ Appendix. The survey ran for 2.5 mo, and it
was completed by 133 experts. In total, they suggested 207 candidates for
STEs and interventions instrumental for decarbonization by 2050. A selected
group of 17 experts were invited for a workshop that focused on choosing
the top candidates for STEs. Finally, the coauthors carried out a literature
review on the top candidates selected at the workshop, following the
literature review guidelines.

Data Availability Statement. All data discussed in the paper will be made
available to readers upon request.
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ARTICLE INFO ABSTRACT

Keywords: The human species has been recognized as a new force that has pushed the Earth's system into a new geological
Human agency epoch referred to as the Anthropocene. This human influence was not conscious, however, but an unintended
Anthropocene

effect of the consumption of fossil-fuels over the last 150 years. Do we, humans, have the agency to deliberately
influence the fate of our species and the planet we inhabit? The rational choice paradigm that dominated social
sciences in the 20th Century, and has heavily influenced the conceptualization of human societies in global
human-environmental system modelling in the early 21st Century, suggests a very limited view of human
agency. Humans seen as rational agents, coordinated through market forces, have only a very weak influence on
the system rules. In this article we explore alternative concepts of human agency that emphasize its collective
and strategic dimensions as well as we ask how human agency is distributed within the society. We also explore
the concept of social structure as a manifestation of, and a constraint on, human agency. We discuss the im-

Integrated assessment models
Socio-metabolic agent classes

plications for conceptualization of human agency in integrated assessment modelling efforts.

1. Introduction

The Sustainable Development Goals and the Paris Agreement set
very ambitious goals that, if taken seriously, would result in a rapid
transformation of human-environmental interactions and decarboniza-
tion of the global socio-economic system (United Nations, 2015a,
2015b). What the agreements do not specify, however, is how the
transformation should be achieved and who the transformation agents
would be. In most modern scientific assessment of global human-en-
vironmental interactions, including Integrated Assessment Models
(IAMs), alternative futures do not evolve from the behavior of the po-
pulation in the simulated region or market, but are externally chosen by
the research teams (e.g. Moss et al., 2010). The human agency that can
be broadly understood as the capacity of individual and collective ac-
tors to change the course of events or the outcome of processes
(Pattberg and Stripple, 2008) is only weakly represented in the com-
monly used global system models. For example, Integrated Assessment
Models are not capable of modelling abrupt changes and tipping points
in both natural and human systems (e.g. van Vuuren et al., 2012) that
may imply severe and non-linear consequences for the Earth system as a
whole (Lenton et al., 2008). There is, however, a relatively rich body of
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literature in social sciences, primarily in political science and institu-
tional theory, that conceptualizes human agency in the governance of
social-ecological systems (e.g. Ostrom, 2005; Kashwan et al., 2018) and
in Earth system governance (e.g. Biermann et al., 2012, 2016). The aim
of this paper is to assess the representation of human agency in Earth
system science and integrated assessment modelling efforts and to ex-
amine how the rich body of literature on human agency in social sci-
ences could be used to improve the modelling efforts.

The cornerstones of social sciences are built on the tension between
agency and structure in social reproduction - the force of self-de-
termination versus the embeddedness of social institutions (Dobres and
Robb, 2000). Just as bio-physical laws determine the coupling between
chemical and mechanical processes, social structures, including norms
and institutions, impose constraints on the shaping of human interac-
tions (North, 1990); they specify what people may, must, or must not do
under particular circumstances and impose costs for non-compliance
(Ostrom, 2005). Social institutions also have a function in expressing
common or social interest and in channeling human behavior into what
is socially desired (Coleman, 1990). Unlike bio-physical laws, however,
social institutions are man-made structures and they are constantly
being transformed by human action. In general, the smaller the social
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entity the less durable it is. The size, scale, and time-frame of the social
entity push it towards a durable structure and stability (Fuchs, 2001).
Numerous authors have contributed to this long and fruitful debate on
micro- and macro-level social structures and interactions within social
sciences. However, very little of that knowledge has so far been applied
by the global environmental change modelling community. To give an
example, the IPCC Report on Mitigation of Climate Change underlines
the role of institutional, legal, and cultural barriers that constrain the
low-carbon technology uptake and behavioral change. However, the
diffusion of alternative values, institutions, and even technologies are
not incorporated in the modelling results (Edenhofer et al., 2014). Little
is known about the potential for scaling-up of social innovations,
let alone the possible carbon emission reductions they could drive if
applied on a larger scale. How quickly would such innovations diffuse
into virtual and face-to-face social networks, and what would the
agency of different actors, and groups of actors, be in such a diffusion
process? The purpose of this work is to analyze how social theory could
be better integrated into the global environmental change assessment
community, and how relevant social theory could be incorporated in
modelling efforts.

The paper is structured as follows. We start by reviewing how
human agency has been incorporated within Earth system science and
integrated modelling efforts so far. We then move to the exploration of
the concept of human agency and social structure and review the re-
levant social stratification theories. We propose how the concept of
human agency could be incorporated in global human-environmental
system models, and finally we conclude.

2. Human agency in Earth system science and integrated
assessment modelling

The recognition of the human species as the driving force of modern
global environmental challenges, occurring at the end of the 20th
Century, brought a new perspective to environmental and Earth system
sciences. Lubchenco (1998) called directly for the integration of the
human dimensions of global environmental changes with the physical-
chemical-biological dimensions. In this context, Crutzen (2006) pro-
posed the distinction of the Anthropocene as a new geological epoch,
where the human species becomes a force outcompeting natural pro-
cesses. As one possible framework to assess human agency in the An-
thropocene, Schellnhuber (1999) developed the notion of “Earth
System” analysis for global environmental management in which the
human force has been conceptualized as a “global subject”. The global
subject is a real but abstract force that represents the collective action of
humanity as a self-conscious force that has conquered the planet. The
global subject manifests itself, for instance, by adopting international
protocols for climate protection.

The conceptualization of the human species as the global subject has
been applied in Integrated Assessment Models (IAMs). IAMs refer to
tools assessing strategies to address climate change and they aim to
describe the complex relations between environmental, social and
economic factors that determine future climate change and the effects
of climate policy (van Vuuren et al., 2011). IAMs have been valuable
means to set out potential pathways to mitigate climate change and,
importantly, have been used in the IPCC's assessments of climate
change mitigation (Clarke et al., 2014). However, the development of
Integrated Assessment Models (IAMs) coincides in time with the su-
premacy of the rational choice paradigm. Rational choice theory em-
phasizes the voluntary nature of human action and the influence of such
actions on decisions, assuming human beings act on the basis of rational
calculations of benefits and costs (Burns, 1994). According to this
paradigm, rationality is a feature of individual actors and the world can
be explained in terms of interactions of atomic entities. Humans are
rational beings motivated by self-interest and consciously evaluate al-
ternative courses of action. Markets are seen as the mechanisms linking
the micro and macro levels and allow the combination of the concrete
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actions of individuals, e.g. buyers and sellers (Jaeger et al., 2001). The
rational choice paradigm is reflected in welfare maximization as-
sumptions underpinning the development of computable general
equilibrium (CGE) models that are widespread in IAMs. CGE models are
computer-based simulations which use a system of equations that de-
scribe the whole world economy and their sectoral interactions. The
analysis of scenarios in CGE models compares a business-as-usual
equilibrium with the changes introduced by one or several policies and
environmental shocks — e.g. a carbon tax or emissions trading scheme
under several climate scenarios — which generate a new equilibrium
(Babatunde et al., 2017). It is important to understand that the policy
shock in such models is introduced externally; it does not evolve from
the model and does not consider the dynamics behind the agency of
different actors and groups of actors. In fact, human societies in CGE
models are only reflected in aggregated population numbers by world
region. The institutional settings within the human societies operate are
given and cannot be endogenously changed. CGE models place a strong
emphasis on the market as a solution to all kinds of problems including
environmental and social issues (Scrieciu, 2007). Furthermore, state-of-
the-art IAMs model aggregate datasets of sub-continental size. For in-
stance, the IAM known as REMIND considers just 11 world regions,
while the energy component of IMAGE considers only 26. The order of
magnitude of the population of each of these regions is between 287 M
and 680 M inhabitants (ADVANCE, 2017). Similarly, in the global land
use allocation model MAGPIE, the food energy demand for ten types of
food energy categories (cereals, rice, vegetable oils, pulses, roots and
tubers, sugar, ruminant meat, non-ruminant meat, and milk) in ten
world regions differentiated in the model is determined exogenously by
population size and income growth, assuming that, for example, higher
income is related to a higher demand for meat and milk (Popp et al.,
2010). The impacts of changing lifestyles and the implications of de-
mand-side solutions can be explored only manually by varying the
underlying assumptions.

In context of the definition of human agency used above, IAMs re-
flect an agency of a rational consumer who decides on the choice of an
optimal action having access to perfect information about the alter-
natives. By analyzing energy, land use, and their implications on global
emissions (e.g. van Vuuren et al., 2012; Hibbard et al., 2010) IAMs can
compute an economic setup to maximize welfare functions. Never-
theless, the welfare functions do not cover the diversity of human
preferences. Complex distinctions of qualitative aspects, such as net-
works or influencers that can drive these processes, do not exist.

This drawback has been noted by the IAM community and attempts
have been made to integrate human agency related behavior towards
the political economy, social behavioral and interaction patterns (Riahi
et al., 2017), or regimes of effort sharing (van den Berg et al., 2019)
have been made. Some models also consider inequality and a diversity
of consumption patterns (Hasegawa et al., 2015; McCollum et al. 2018).
However, these approaches are still driven by exogenous quantifica-
tions and are unable to sufficiently inspect dynamics of human agency.
Although IAMs are able to design pathways combining multiple stra-
tegies to achieve the 1.5 °C target of the Paris Agreement, which include
human agency related actions such as lifestyle changes (van Vuuren
et al.,, 2018), many questions remain. For example, how can human
agency be triggered to achieve the lifestyle changes, at an individual
level, necessary to achieve the 1.5 °C target? Also, how can the neces-
sary institutional dynamics be brought into play? So far, these aspects
are rarely considered in IAMs.

Novel and promising modelling approaches to incorporate human
agency are being developed in complex network science (Borgatti et al.,
2009) and social-ecological system modelling (Pérez et al., 2016).
Complex networks usually consist of a set of nodes representing in-
dividual agents or representative aggregations thereof (such as business
parties, geographical regions or countries) which are connected by
different types of linkages, such as business relations, diplomatic ties, or
even acquaintance and friendship (Newman, 2018). This type of
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framework has been developed in the past, and applied successfully to
describe heterogeneous datasets from the social sciences, and to es-
tablish conceptual models for socio-economic and socio-ecological dy-
namics (Filatova et al., 2013). Nevertheless, most of such models are
still based on theoretical assumptions with weak links to empirical data.
A closer link with empirical data has so far only been achieved at case
study level, focusing on particular local socio-environmental phe-
nomena such as fishery or water management with agents representing
local resource users or managers (e.g. Suwarno et al., 2018; Troost and
Berger, 2015). The questions driving this work are: (i) how can similar
models be conceptualized in order to represent the whole World-Earth
system of human societies and their bio-physical environment (Donges
et al., 2018) and (ii) how can they be linked with empirical data?

3. The concept of human agency in social sciences

Dellas et al. (2011) refer to agency in the governance of the Earth
system as the capacity to act in the face of earth system transformation
or to produce effects that ultimately shape natural processes. Agency in
Earth system governance may be considered as contributing to problem
solving, or alternatively it could include the negative consequences of
the authority to act. Lister (2003) and Coulthard (2012), in their re-
search on agency related to environmental and citizenship problems,
distinguish two dimensions: (i) ‘everyday agency’ being the daily de-
cision-making around how to make ends meet, and ‘strategic agency’
involving long-term planning and strategies; and (ii) ‘personal agency’
which reflects individual choices and ‘political and citizenship agency’
which is related to the capacity of people to affect the wider change
(Lister 2003). Personal agency varies significantly across human in-
dividuals. However, there are powerful examples of social protests and
movements demonstrating that even individually disempowered people
can have a strong voice if they act collectively (Kashwan, 2016). In the
context of natural resources and environmental management, there are
empirical examples of self-organized local and regional communities
and grassroots movements crafting new institutions that limit the
control of national authorities (Garcia-Lopez, 2018; Dang, 2018). To
give an example, civil society groups in Mexico managed to shape the
REDD+ policies to protect the rights of agrarian communities
(Kashwan, 2017a). In this context, Bandura (2006) proposes the dif-
ferentiation of individual, proxy and collective agency (2006: 165).
Individual agency refers to situations in which people bring their in-
fluence to bear through their own actions. This varies substantially
from person to person with respect to individual freedom to act and the
consequences of action. Individual agency is influenced by a whole set
of socio-economic characteristics including gender, age, education, re-
ligion, social, economic and political capital. In many cultures, the in-
dividual agency of women is limited, for example, by inheritance law or
by informal norms restricting their mobility or educational opportu-
nities (Otto et al., 2017). However, individual agency also varies with
an individual's ability to change the system rules. For example, very
wealthy or influential people might find it easier to set new market
trends or influence public decision-making processes than those with
fewer resources (Otto et al., 2019). Proxy, or socially mediated agency
refers to situations in which individuals have no direct control over
conditions that affect their lives, but they influence others who have the
resources, knowledge, and means to act on their behalf to secure the
outcome they desire. Collective agency refers to situations in which
individuals pool their knowledge, skills, and resources, and act in
concert to shape their future (Bandura 2006: 165). These dimensions of
agency are visualized in Fig. 1.

The dominant view of human agency in Earth system science and
integrated modelling approaches has so far focused on the left upper
corner of Fig. 1, i.e. on the everyday agency of individual human
agents. This would correspond to, for example, modelling the effects of
food consumption on land use patterns (e.g. Popp et al., 2010). Inter-
estingly, although opinion formation and election models are well
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Fig. 1. Agency dimensions.
Adapted from Lister (2004) and Coulthard (2012) with empirical examples of
social phenomena.

advanced in game theory (e.g. Penn, 2009; Ding et al., 2010), they have
not yet been applied to the formation of international environmental
policy in IAMs. At the same time the recent so-called protest voting
shows that a small fraction of voters can push public policy down a
radically different pathway. Some studies link the protest voting and
rising populism with increasing inequalities and the political and social
exclusion of the poor and underprivileged (Becker et al., 2017). In some
cases, radical policy changes might also be achieved by individual acts
of civil disobedience and, in a destructive manner, by terrorist attacks.
Civil disobedience represents the peaceful breaking of unjust or un-
ethical laws and is a technique of resistance and protest whose purpose
is to achieve social or political change by drawing attention to problems
and influencing public opinion. Terrorism is defined as an act of vio-
lence for the purpose of intimidating or coercing a government or ci-
vilian population.

Furthermore, radical policy changes and social tipping points can
emerge due to changes in the collective behavior and preferences. The
term ‘tipping point’ “refers to a critical threshold at which a tiny per-
turbation can qualitatively alter the state or development of a system”
(Lenton et al., 2008), hence the mere existence of tipping points implies
that small perturbations created by parts of such a system can push the
whole system into a different development trajectory. Examples of
tipping-like phenomena in socio-economic systems include financial
crises, but could also include the spread of new social values, pro-en-
vironmental behavior, social movements, and technological innova-
tions (Steffen et al., 2018). To give an example, social movements and
grassroots organizations played an important role in the German energy
transition that was initiated in 2011 as a reaction to the nuclear disaster
in Fukushima in Japan. It was, however, preceded by about 30 years of
environmental activism (Hake et al., 2015). Finally, tipping-like phe-
nomena can also be achieved by consumer boycotts and carrotmob
movements. Consumer boycotts coupled with environmental NGO
campaigns led, in Europe, to changes in the animal welfare regulations
and the implementation of fair trade schemes (Belk et al., 2005). Car-
rotmobs refer to consumers collectively swarming a specific store to
purchase its goods in order to reward corporate socially responsible
behavior (Hoffmann and Hutter, 2012).

At the same time, cultural values and the ethical interpretation of
behavior might vary in some respects across different countries and
world regions and will lead to different manifestations of agency.
Cultural values provide a strong filter of the actions perceived as good
or responsible, as well as the consequences of violating norms (Belk
et al., 2005). In the climate change context, some authors link the
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public acceptance of climate policy instruments to the belief and value
systems in place, and the perceptions of the environment (Otto-
Banaszak et al., 2011).

4. The manifestation of human agency: the layers of social
structure

Biermann and Siebenhiiner (2009) propose a distinction between
actors and agents in Earth system governance. Actors are the in-
dividuals, organizations, and networks that participate in the decision-
making processes. Agents are those actors who have the ability to
prescribe behavior. The collective prescriptions and constraints on
human behavior are usually referred to as the social structure
(Granovetter, 1985; Dobres and Robb, 2000). The social structure is
composed of the rule system that constitutes the “grammar” for social
action that is used by the actors to structure and regulate their trans-
actions with one another in defined situations or spheres of activity.
The complex and multidimensional normative network is not given, but
is a product of human action; “human agents continually form and
reform social rule systems” (Burns and Flam, 1986: 26). The social rule
system can also be framed as social institutions that are involved in
political, economic, and social interactions (North, 1991). Similarly,
Elinor Ostrom defines institutions as “the prescriptions that humans use
to organize all forms of repetitive and structured interactions. In-
dividuals interacting within rule-structured situations face choices re-
garding the actions and strategies they take, leading to consequences
for themselves and for others” (Ostrom, 2005: 3). Social norms are
shared understandings of actions and define which actions are ob-
ligatory, permitted, and forbidden (Crawford and Ostrom, 1995). Social
order is only possible insofar as participants have common values and
they share an understanding of their common interests and goals (King,
2009). Williamson (1998) proposes differentiating different informal
institutions such as norms, beliefs and traditions, and formal institu-
tions that comprise formal and written codes of conduct.

The process of shaping of the social rule system formation is not
always fully conscious and intended. Lloyd (1988: 10) points out that a
social structure is emerging from intended and unintended con-
sequences of individual action and patterned mass behavior over time
“Once such structures emerge, they feedback on the actions”
(Sztompka, 1991: 49). For Giddens (1984) human action occurs as a
continuous flow of conduct and he proposed turning the static notion of
structure into the dynamic category of structuration to describe the
human collective conduct. Human history is created by intentional
activities but it is not an intended project; it persistently eludes efforts
to bring it under conscious direction (Giddens, 1984: 27). As pointed
out by Sztompka (1994), Giddens, embodies human agency in the ev-
eryday conduct of common people who are often distant from reformist
intentions but are still involved in shaping and reshaping human so-
cieties. This process of the formation of social structure takes place over
time; the system which individuals follow today have been produced
and developed over a long period. “Through their transactions social
groups and communities maintain and extend rule systems into the
future” (Burns and Flam 1987: 29).

Another element of the social structure that is identified by several
authors corresponds to the network of human relationships that, just
like the shapes in geometry, can take different forms and configurations
(Simmel, 1971). The network of relationships among the social agents
is also referred to as governance structures, or sometimes as organiza-
tions. North (1990: 73) defines organizations as “purposive entities
designed by their creators to maximize wealth, income, or other ob-
jectives defined by the opportunities afforded by the institutional
structure of the society.” Williamson (1998), focusing on the types of
contracts, distinguishes three basic types of governance structures:
markets, firms, and hybrids. In markets, transaction partners are au-
tonomous; in firms, partners are inter-dependent and integrated into an
internal organization. Hybrids are intermediate forms in which contract
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partners are bilaterally dependent but to a large degree maintain au-
tonomy (Williamson 1996: 95-98). Studying communication networks
and social group structures allows us to distinguish more social network
relationship patterns (Sztompka, 2002: 138).

Finally, the social structure is also shaped and influenced by large
material objects such as infrastructure and other technological and in-
dustrial structures, that some authors call the technosphere
(Spaargaren, 1997: 78). Herrmann-Pillath (2018) defines the techno-
sphere as the encompassing aggregate of all artificial objects in oppo-
sition to the natural world, and more specifically, establishes the sys-
temic separateness of the technosphere relative to the biosphere. Just as
social norms impose on one hand certain constrains on human beha-
vior, however, on the other hand, structure the human interactions and
also provide certain opportunities, the technosphere can be viewed as a
humanly designed constructs that provide certain opportunities as well
as they limit certain choices of individuals operating at different geo-
graphical and time scales (Donges et al., 2017a).

The system is fully interconnected, and the social structure layers
are interrelated. The slow changing layers of social structure impose
constraints on the layers that change more quickly. The faster changing
layers of social structure, however, are also able to change the slow
slayers through feedback mechanisms (c.f. Williamson, 2000). Human
agency is manifested through the maintenance, reproduction and
modifications in the social structure layers (Burns, 1994). Interestingly,
infrastructure objects in the technosphere layer show a similar order of
change as the informal and formal institutions, and thus might con-
strain the social change in the faster changing levels. Thus artefacts
become co-carriers of agency (Herrmann-Pillath, 2018). Nevertheless,
sharp brakes from the established procedures rarely happen. Such de-
fining moments are an exception to the rule and usually emerge from
massive discontents such as civil wars, revolutions, or financial crises
(Williamson, 1998). Institutions can also lock the society into a path-
dependence (Beddoe et al., 2009). The capacity to undergo a radical
restructuring, however, is a unique feature distinguishing social systems
from organic or mechanical ones. Restructuring the social structure is a
product of human agency and is grounded in the interaction between
structures and human actions that produces change in a system's given
form, structure or state (Archer, 1988: xxii). However, the transition of
institutions is frequently driven by crises (Beddoe et al., 2009).

Burns (1994: 215-216) introduces the notion of ‘windows of op-
portunity’ that are very relevant for analyzing social transformations.
Interactive situations lacking social equilibria, which typically occur
after catastrophes and other shocks, usually give rise to uncertainty,
unpredictability, and confusion, and motivate actors to try, individually
or collectively, to restructure the situation. In such restructuring ac-
tivities, actors typically engage in reflective processes and make
“choices about choice” and participate in meta-games (Burns 1994:
208). The actors may structure and restructure their preferences, out-
comes, and outcome structures, and occasionally also the entire deci-
sion and game systems in which they participate. Through such struc-
turing activity, human agents also create, maintain and change
institutions and collective or organized agents such as movements, the
state, market and bureaucratic organizations (Burns and Dietz, 1992;
Burns, 1994: 215-216).

Transformations are the moments in history when the meta choices -
“choices about choices” are made. The outcomes of such choices and
the new type of system depend largely on the agents that get involved in
the collective process of designing the new system. This process could
be exclusive and incorporate only a narrow group of decision-makers as
frequently happens in “quiet” transitions to authoritarian regimes.
Alternatively, they can be more open and include representatives of
various social groups, as happened in the political and economic
transformation in Eastern Europe. Taking this example, Burns (1994)
proposes that transformations are a co-evolutionary process sometimes
driven by contradicting actors' interests. Transformations might entail
shifts in core societal organizing principles and systems of rules. As a
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The layers of social structure, the dominant type of agency and the order of change.

(Following Williamson, 1998).

Structure layer Sub-components

The dominant type of human agency The order of change

Institutional Informal rules: norms, religion, tradition, customs

Formal rules: constitutions, written codes of conduct, judiciary, property rights

Governance structures
Organizations
Networks
Infrastructure
Technology

Organizational

Technosphere

Collective and strategic
Collective and citizenship
Proxy and strategic
Proxy, strategic

30 to over 100 years
10 to 50 years

5 to 10 years

5 to 10 years

Proxy, individual, everyday Continuous
Proxy, strategic 10-50 years
Proxy, individual and everyday Continuous

result, agents with vested interests may struggle to maintain established
systems or to limit the changes within them. Other agents act openly or
covertly to modify or transform the system. Table 1 summarizes the
above discussion and tries to link the social structure layers to the
dominant type of human agency that can to be used to transform them.
Even in periods of radical change, however, the actors never start
from scratch. They cannot choose a completely new system and they
always depart from the ongoing social order in which they are em-
bedded. The future evolves from practical activities, experiments,
learning, conflict and struggle (Burns, 1994: 216). A similar point of
view is presented by evolutionary institutional economists, in which
transformations are seen not as a simple replacement of old institutions
by new ones, but as a recombination and reworking of old and new
elements and groups of actors (e.g. Stark, 1996; Bromley, 2000).

5. Distribution of human agency: differentiating socio-metabolic
agent classes

Following the rational choice paradigm could lead us to a conclu-
sion that the society is a sum of individuals (Burns, 1994) and that any
forms of agency should be equally distributed among the individuals in
the society. Such an approach is typical for integrated assessment
models in which human systems are usually separated into population
and economic sectors. The parameters that describe population are
usually mainly population number, and economic production de-
termines the use of resources and pollution emissions in the model (e.g.
van Vuuren et al., 2012).

It is, however, enough to observe the world to know that such as-
sumptions are very simplistic. People's resource use and pollution
emissions differ according to income, place of abode, type of occupa-
tion, and possessions. Moreover, their goals and interests, and the
likelihood of them being fulfilled also differ. There are powerful in-
dividuals and groups in society who successfully strive for their inter-
ests, and there are individuals and groups who, despite struggling,
never achieve their objectives. There are also masses of individuals who
just strive to make ends meet. The questions are what types of agents or
organizations can be incorporated in the models and what sort of
agency do they have? Is there a need for a new social class theory taking
access to energy and related carbon emissions as the base of social
stratification?

Most social differentiation theories follow either the Marxist dis-
tinction between physical and capital endowments or the Weberian
approach which differentiates classes through inequalities in ownership
and income (Kozyr-Kowalski, 1992: 53). Some class theorists also
highlight the development stages and inequalities across different
countries and world-regions (Offe, 1992: 122). One more dimension
that has not been discussed so far by social differentiation theories is
the socio-metabolic profile of social classes, which constitutes the
common ground for social and natural sciences. Social metabolism re-
fers to the material flows in human societies and the way societies or-
ganize their exchanges of energy and materials with the environment
(Fischer-Kowalski, 1997; Martinez-Alier, 2009). Social classes can be
differentiated based on their metabolic profiles (Martinez-Alier, 2009).

The use of energy by human beings can be divided into two main ca-
tegories. The first one refers to the endosomatic use of energy as food,
and the second one refers to the exosomatic use of energy as fuel for
cooking and heating, and as power for the artefacts and machines
produced by human society. Thus one person a day must eat the
equivalent of 1500 to 2500 kcal to sustain their life functions, which is
equivalent to about 10 MJ (megajoules) of energy per day or 3.65 GJ
per year (Martinez-Alier, 2009). This amount varies only slightly
among human beings. A rich person physically cannot eat much more,
and even poorer individuals need the equivalent energy in the form of
food to survive. Dietary composition and the amount of waste pro-
duced, however, will differ across the social strata. Nevertheless, there
are still people suffering from hunger, unable to meet their basic needs.

The exosomatic energy use varies to a greater degree. The poorest
social groups, who have no permanent access to electricity in their
homes, who obtain energy for cooking and heating from the combus-
tion of biomass products, who use overcrowded buses and trains to
travel, use in total about 10 GJ of energy per person per year (Martinez-
Alier, 2009) and constitute the lowest, socio-metabolic underclass. A
more detailed picture can be derived by comparing the carbon footprint
of different socio-economic groups. Personal CO, emissions are released
directly in fuel combustion processes in vehicles, airplanes, heating and
cooking appliances, and indirectly through electricity use and con-
sumption of products that generated emissions in the upstream pro-
duction processes. The authors include CO, emissions from energy used
directly in homes (for space heating, lighting, etc.), for personal
transportation (including personal vehicles and passenger aviation),
and from the energy embedded in the production of goods consumed.
Kiimmel (2011) proposes the term “energy slaves” to describe the
exosomatic energy use from fossil fuels by modern human society. On
average, the daily energy consumption of a human being is equivalent
to the men power of 15 people. Inhabitants of the most energy intensive
Western Societies (i.e. the U.S.) consume, per person, the equivalent of
the work of 92 people every day.

The results from UK households show that CO, emissions are
strongly income, but also location, dependent. The highest emissions
can be generated by people living in suburbs, mostly in detached
houses, and having two or more cars. Emissions of such households
equated to about 26 CO, tonnes in 2004. This amount was 64% higher
than the emissions of the group with lowest emissions of 16 CO,, which
comprised mostly of older and single person urban households as well
as the unemployed living mostly in urban areas (Druckman and
Jackson, 2009). UK household emissions can be compared with emis-
sions from households located in less developed countries. For example,
household emissions in Malaysia, as in the UK, are strongly dependent
on income and location. However, Malaysian households with the
lowest emissions were found in villages as well as in low-income urban
squatter settlements. The urban squatter settlement households emitted
on average 10.18 CO,tonnes. The village households emitted on
average 9.58 CO, tonnes per year. Households with the highest CO,
emissions were located in high cost housing areas and they were re-
sponsible on average for 20.14 CO, tonnes per year (Majid et al., 2014).

On the other end of the social ladder, there are super-rich hyper-
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Table 2
Socio-metabolic class differentiation.
(Based on: Oxfam, 2015; Otto et al., 2019).

WORLD-EARTH DYNAMICS IN THE ANTHROPOCENE: A COPAN READER 20132021

Ecological Economics 167 (2020) 106463

Percent of global population

Percent of life-style CO, emissions The level of human agency

Socio-metabolic underclass 20%
Socio-metabolic energy poor class 30%
Socio-metabolic lower class 30%
Socio-metabolic middle class 10%
Socio-metabolic upper class 9.5%
Super-rich 0.54%

2.5% Extremely low

7.5% Low

22% Moderate level of collective agency
19% Moderate to high

35.4% Very high

13.6% Extremely high

mobile individuals with multiple spacious residences, and whose live-
styles are characterized by conspicuous consumption patterns. They are
less than 1% of global population and their consumption related
greenhouse gas emissions could be over 170 times higher than the
world's poorest 10% (Oxfam, 2015). They can be characterized by ex-
tremely high levels of all types of agency. The influence and roles of
many super-rich in the world of politics, media, culture, business and
industry are often inter-related. In contrast to the super-rich in pre-
industrial societies they have almost unlimited mobility, owning
properties in different counties, with their homes being guarded and
fortified. They have the ability to switch countries of residence, taking
the advantage of ‘nondomiciled’ tax status, i.e. being the national of a
certain country while not actually living there (Paris, 2013). Table 2
presents a first attempt to stratify the global population according to
their socio-metabolic profiles that is based on disaggregated data on
consumption related carbon emissions (Oxfam, 2015; Otto et al., 2019).

The proportions in Table 2 are striking. The top 10% of the global
population is responsible for almost 50% of global consumption related
greenhouse gas emissions. The wealthiest 0.54% of the human popu-
lation is responsible for more lifestyle carbon emissions than the
poorest 50% (Otto et al., 2019).

Energy use, as well as carbon dioxide emission, can also be used to
analyze the socio-metabolic profile of economic sectors, companies and
other organizations. From 1854 to 2010 12.5% of all industrial carbon
pollution was produced by just five companies — Chevron, ExxonMobil,
British Petroleum, Shell and Conoco Philipps (Union of Concerned
Scientists, 2018). To give an example from a different sector — in 2015
Saint-Gobain, a French multinational building materials manufacturer
emitted 9.5 million metric tonnes CO.e (Carbon Disclosure Project,
2016: 22). For a comparison, emissions from industrial processes in
France in 2013 equated to 17.6 million tonnes CO.e (General
Directorate for Sustainable Development, 2016: 25) (GTM, 2018).

The socio-metabolic profile of social classes, nations, and organi-
zations can be directly linked with their agency in the Earth system. The
global socio-metabolic underclass is obviously characterized by a very
low degree of agency. There are rare exceptions of mass protests in-
itiated by the poorest social groups that can collectively influence
formal institutions and change their governance (Kashwan, 2017b).
However, these people are mostly occupied with making ends meet and
have low organizational capabilities. In contrast, the global socio-me-
tabolic upper classes are those who are characterized by a high level of
individual agency as well as having the organizational capabilities to
actively exercise their agency. Due to their resource incentive life-style
they also have the moral obligation to be the agents of a transformation
in global sustainability.

6. Improving the representation of human agency in integrated
assessment modelling

In this section we ask how the above conceptual discussion could be
summarized into guidelines improving the operationalization of human
agency in Earth system science and integrated assessment modelling. In
order to incorporate the different aspects of human agency as discussed
in the previous sections, there is a need to introduce agents with

heterogeneous goals, opinions and preferences into the models. The
agents should be able to form networks that represent their mutual
interrelationships and interactions between them. These system inter-
action rules should ideally refer to the social structure layers differ-
entiated in Table 1, forming a nested hierarchical embeddedness of
each agent.

Conceptual models, that incorporate the above requirements have
been successfully developed and studied in the recent past. Their core
properties might thus form a proper basis for extending IAMs to include
heterogeneous agency on the level of (representative) individuals. Such
models have been utilized to study opinion, and the associated con-
sensus-formation specifically under the assumption of heterogeneous
agents. Most of these works are based on the voter model in which
agents exchange discrete (sets of) opinions in order to reach some
consensus on a given (possibly abstract) topic or problem (Clifford and
Sudbury, 1973; Holley and Liggett, 1975). Acknowledging that in its
standard version the voter model considers all agents to have identical
agency, extensions have been based on social impact theory (Latane,
1981) that specifically include heterogeneous relationships between
single actors or groups (Nowak et al., 1990). Such extended models
generally account for proximities between agents in some abstract
space of personal relationships which is commonly modeled by as-
signing agents unique values of persuasiveness and supportiveness,
describing their agency with respect to influencing as well as sup-
porting others. While being of generic nature such classes of models can
be easily modified to account for various kinds of processes related to
social behavior, such as social learning (Kohring, 1996) or leadership
(Holyst et al., 2001), which are again directly related to the notions of
(heterogeneous distributions of) human agency. Certain models include
additional layers of complexity by also accounting for the hetero-
geneous distribution of different group sizes (Sznajd-Weron, 2005) and
certain majorities within those groups (Galam, 2002) when de-
termining criteria for consensus in opinion dynamics.

One particular model of general cultural dynamics that has attracted
great interest in the social science community, and that should be
highlighted here, is the so-called Axelrod model (Axelrod, 1997). In its
core, it accounts for two commonly observed tendencies in large groups
of individuals or aggregations thereof: social influence (i.e. agency) and
homophily (a process that dynamically influences each individual's
agency over time). The Axelrod-model not only specifically accounts for
heterogeneity in the different agents but also (and to some degree un-
intuitively) allows emerging cultural diversity to be modeled in its
convergent state. In general, such flexible approaches allow in-
corporating individual human agency in terms of the different ties an
agent might have with others (Emirbayer and Goodwin, 1994;
Granovetter, 1977). Additionally, each tie can be associated with dif-
ferent strengths, thus also incorporating heterogeneity in the human
agency (Castellano et al., 2009). Network modelling approaches further
allow us to explicitly resolve the associated social structure (as well as
the temporal evolution thereof) through an evaluation of the overall
topology of the network on the meso- or macroscale (Costa et al., 2007).

A necessary step in operationalizing human agency in IAMs includes
differentiating global socio-metabolic agent classes with heterogeneous
metabolic profiles linking them with the material and energy flows in
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the bio-physical environment as well as heterogeneous social profiles
that specify their preferences, opinions, and positions in social net-
works. Such efforts could be linked to the emerging research on
downscaling planetary boundaries (Hayha et al., 2016) as well as the
established research on differentiating social milieus (e.g. Bauer and
Gaskell, 1999). Some authors also propose model co-development, to-
gether with citizens and citizen groups (Figueres et al., 2017). Some
authors also recommend abandoning the search for one gold-standard
model, and instead explore future pathways based on a multitude of
different concepts and representations of people and human agency
(Donges et al., 2017b). For example, Donges et al. (2018) propose a
modelling framework allowing incorporation of large sets of different
models and concepts, in a standardized form, in order to assess and
compare different future trajectories.

7. Conclusions

The Anthropocene has emerged unintentionally as a side effect of
the industrialization of human societies (Crutzen, 2006). There are only
a few examples of the human ability to internally interact with plane-
tary geological forces, with the Montreal Protocol being the most often
referred to example (Velders et al., 2007). At the same time historical
examples show that there are instances of rapid transitions in societies
(Bunker and Alban, 1997). Achieving policy challenges as outlined in
the Sustainable Development Goals require a certain degree of societal
transformation. The concept of agency is central to implementing
transformations needed to limit global warming and achieve the SDGs.
Most of the IAMs that dominate the scientific assessments of global
environmental changes do not include a representation of human so-
cieties that would have a capacity to undertake system transformations.
At the same time, there is a relatively rich social science theory that can
be used to improve the operationalization of human agency in in-
tegrated assessment modelling efforts.

In this paper we show that human agency can actively shape the
World-Earth system (c.f. Donges et al., 2018) through interventions at
different layers of social structure. Human agency, however, is not
evenly distributed across all human individuals and social groups. We
postulate a differentiation of socio-metabolic agent classes that could be
integrated into integrated assessment modelling efforts. More socio-
economic sub-national and sub-population group data is needed for this
purpose (c.f. Otto et al., 2015). Social institutions for sustainable
management of global, regional, and local ecosystems, however, do not
generally evolve spontaneously, but have to be consciously designed
and implemented by the resource users (Gatzweiler and Hagedorn,
2002; Kluvankova-Oravska et al., 2009). Each social transformation
contains a disruptive component that implies a destruction of existing
patterns of social interaction and institutional structures, and creation
and emergence of new patterns and structures. Introducing more di-
mensions of human agency into IAMs, and co-creating scenarios and
pathways for modelling exercises together with citizens and institu-
tions, would help break the barriers that disconnect peoples' actuality
and agency with models, a discourse which has been gaining weight
among policy makers (Figures, 2016). This disconnection can be broken
by co-developing with citizens and various resource users the elements
of global human-environmental system models, and by considering the
people behind the numbers and the possible ways of funneling their
agency. We encourage the integrated modelling community to work
more closely with social scientists as well as we encourage social sci-
entists to explore the methods and concepts applied in natural sciences.

Acknowledgments

The authors are grateful to two anonymous reviewers for their
feedback that helped them to improve the paper. LM.O., J.F.D., and
R.C. are grateful for financial support by the Earth League's EarthDoc
programme. I.M.O. is supported by funding from the European Union's

Ecological Economics 167 (2020) 106463

Horizon 2020 research and innovation programme under grant agree-
ment No. 821010. J.F.D. is grateful for financial support by the
Stordalen Foundation via the Planetary Boundary Research Network
(PB.net). M.W. is financially supported by the Leibniz Association
(project DominoES). This research has been carried out within the
COPAN - Co-evolutionary Pathways Research Group at PIK.

References

ADVANCE, 2017. The common integrated assessment model (IAM) documentation.
http://iamcdocumentation.eu/index.php/IAMC_wiki.

Archer, M.S., 1988. Culture and Agency. Cambridge University Press, Cambridge.

Axelrod, Robert, 1997. The Complexity of Cooperation. Agent-based Models of
Competition and Collaboration. Princeton University Press, Princenton.

Babatunde, Kazeem Alasinrin, Begum, Rawshan Ara, Said, Fathin Faizah, 2017.
Application of computable general equilibrium (CGE) to climate change mitigation
policy: a systematic review. Renew. Sust. Energ. Rev. 78 (October), 61-71. https://
doi.org/10.1016/j.rser.2017.04.064.

Bandura, Albert, 2006. Toward a Psychology of Human Agency. Perspect. Psychol. Sci. 1
(2), 164-180.

Bauer, Martin W., Gaskell, George, 1999. Towards a paradigm for research on social
representations. J. Theory Soc. Behav. 29 (2), 163-186. https://doi.org/10.1111/
1468-5914.00096.

Becker, Sascha O., Fetzer, Thiemo, Novy, Dennis, 2017. Who voted for brexit? A com-
prehensive district-level analysis. Econ. Policy 32 (92), 601-650. https://doi.org/10.
1093/epolic/eix012.

Beddoe, Rachael, Constanza, Robert, Farley, Joshua, Garza, Eric, Kent, Jennifer, et al.,
2009. Overcoming systemic roadblocks to sustainability: the evolutionary redesign of
worldviews, institutions, and technologies. PNAS 106 (8), 2483-2489.

Belk, Russell, Devinney, Timothy, Eckhardt, Giana, 2005. Consumer ethics across cul-
tures. Consum. Mark. Cult. 8 (3), 275-289. https://doi.org/10.1080/
10253860500160411.

Biermann, F., Siebenhiiner, B., 2009. Managers of Global Change: The Influence of
International Environmental Bureaucracies. MIT Press.

Biermann, F., Abbott, K., Andresen, S., Bickstrand, K., Bernstein, S., Betsill, M.M.,
Bulkeley, H., et al., 2012. Navigating the Anthropocene: improving earth system
governance. Science 335 (6074), 1306-1307. https://doi.org/10.1126/science.
1217255.

Biermann, Frank, Bai, Xuemei, Bondre, Ninad, Broadgate, Wendy, Chen, Chen-Tung
Arthur, Dube, Opha Pauline, Erisman, Jan Willem, et al., 2016. Down to earth:
contextualizing the Anthropocene. Glob. Environ. Chang. 39 (July), 341-350.
https://doi.org/10.1016/j.gloenvcha.2015.11.004.

Borgatti, Stephen P., Mehra, Ajay, Brass, Daniel J., Labianca, Giuseppe, 2009. Network
analysis in the social sciences. Science 323 (5916), 892-895. https://doi.org/10.
1126/science.1165821.

Bromley, Daniel, 2000. Most Difficult Passage: The Economic Transition in Central and
Eastern Europe and the Former Soviet Union. (In . Berlin).

Bunker, B.B., Alban, B.T., 1997. Large Group Interventions: Engaging the Whole System
for Rapid Change. Jossey-Bass Publications, San Francisco.

Burns, T.R., Flam, H., 1987. The Shaping of Social Organization. Sage Publications,
London.

Burns, Tom R., 1994. Two conceptions of human agency: rational choice theory and the
social theory of action. In: Sztompka, Piotr (Ed.), Agency and Structure. Reorienting
Social Theory. Gordon and Breach Science Publishers, Yverdon, Camberwell, Paris.

Burns, Tom R., Dietz, Thomas, 1992. Cultural evolution: social rule systems, selection and
human agency, cultural evolution: social rule systems, selection and human agency.
Int. Sociol. 7 (3), 259-283. https://doi.org/10.1177/026858092007003001.

Burns, Tom R., Flam, Helena, 1986. The Shaping of Social Organization: Social Rule
System Theory and its Applications. Sage, London.

Carbon Disclosure Project, 2016. Embedding a carbon price into business strategy. .
https://b8f65cb373b1b7b15feb-c70d8ead6ced550b4d987d7c03fedd1d.ssl.cf3.
rackedn.com/cms/reports/documents/000,/001/132/original/CDP_Carbon_Price_
2016_Report.pdf?1474269757.

Castellano, Claudio, Fortunato, Santo, Loreto, Vittorio, 2009. Statistical physics of social
dynamics. Rev. Mod. Phys. 81 (2), 591-646. https://doi.org/10.1103/RevModPhys.
81.591.

Clarke, Leon, Akimoto, K., Babiker, M., et al., 2014. Assessing transformation pathways.
Climate Change 2014: Mitigation of Climate Change. Contribution of Working Group
11T to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change.
Cambridge University Press, Cambridge, UK and New York, USA. https://www.ipcc.
ch/pdf/assessment-report/ar5/wg3/ipcc_wg3_ar5_chapter6.pdf.

Clifford, Peter, Sudbury, Aidan, 1973. A model for spatial conflict. Biometrika 60 (3),
581-588. https://doi.org/10.1093/biomet/60.3.581.

Coleman, James S., 1990. Commentary: social institutions and social theory. Am. Sociol.
Rev. 55 (3), 333-339. https://doi.org/10.2307/2095759.

Costa, L. da F., Rodrigues, F.A., Villas Boas, P.R., 2007. Characterization of complex
networks: a survey of measurements. Adv. Phys. 59 (1), 167-242. https://doi.org/10.
1080/00018730601170527.

Crawford, Sue E.S., Ostrom, Elinor, 1995. A grammar of institutions. Am. Polit. Sci. Rev.
89 (3), 582-600. https://doi.org/10.2307/2082975.

Crutzen, Paul J., 2006. The ‘Anthropocene’. Earth System Science in the Anthropocene.
Springer, Berlin, Heidelberg, pp. 13-18. https://doi.org/10.1007/3-540-26590-2_3.

Coulthard, S., 2012. Can we be both resilient and well, and what choices do people have?

Reproduced from: I. M. Otto et al., Human agency in the Anthropocene, Ecol. Econ., vol. 167, 2020, doi: 10.1016/j.ecolecon.2019.106463, with the
permission of Elsevier


https://doi.org/10.1016/j.ecolecon.2019.106463

LM. Otto, et al.

Incorporating agency into the resilience debate from a fisheries perspective. Ecol.
Soc. 17 (1), 4.

Dang, Wengqi, 2018. How culture shapes environmental public participation: case studies
of China, the Netherlands, and Italy. J. Chin. Gov. 0 (0), 1-23. https://doi.org/10.
1080/23812346.2018.1443758.

Dellas, Eleni, Pattberg, Philipp, Betsill, Michele, 2011. Agency in earth system govern-
ance: refining a research agenda. Int. Environ. Agreements 11 (1), 85-98. https://doi.
org/10.1007/5s10784-011-9147-9.

Ding, Fei, Liu, Yun, Shen, Bo, Si, Xia-Meng, 2010. An evolutionary game theory model of
binary opinion formation. Physica A 389 (8), 1745-1752. https://doi.org/10.1016/j.
physa.2009.12.028.

Dobres, Marcia-Anne, Robb, John E., 2000. Ageny in Archaeology. Routledge, London
and New York.

Donges Jonathan, F., Heitzig, Jobst, Barfuss, Wolfram, et al., 2018. Earth system mod-
elling with complex dynamic human societies: the Copan:CORE World-Earth mod-
eling framework. Earth Syst. Dyn. Disc. https://doi.org/10.5194/esd-2017-126.

Donges, J.F., Lucht, W., Miiller-Hansen, F., Steffen, W., 2017a. The Technosphere in Earth
system analysis: a coevolutionary perspective. Anthropocene Rev. 4 (1), 23-33.
https://doi.org/10.1177/2053019616676608.

Donges, J.F., Winkelmann, R., Lucht, W., Cornell, S.E., Dyke, J.G., Rockstroém, J., Heitzig,
J., Schellnhuber, H.J., 2017b. Closing the loop: reconnecting human dynamics to
Earth system science. Anthropocene Rev. 4 (2), 151-157. https://doi.org/10.1177/
2053019617725537.

Druckman, Angela, Jackson, Tim, 2009. The carbon footprint of UK households 1990-
2004: a socio-economically disaggregated, quasi-mulit-regional input-output model.
Ecol. Econ. 68, 2066-2077.

Edenhofer, O., Pichs-Madruga, R., Sokona, Y., 2014. Mitigation of Climate Change.
Contribution of Work-ing Group III to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change. Cambridge University Press,
Cambridge, UK and New York, USA.

Emirbayer, Mustafa, Goodwin, Jeff, 1994. Network analysis, culture, and the problem of
agency. Am. J. Sociol. 99 (6), 1411-1454. https://doi.org/10.1086,/230450.

Figueres, Christiana, Schellnhuber, Hans Joachim, Whiteman, Gail, Rockstrém, Johan,
Hobley, Anthony, Rahmstorf, Stefan, 2017. Three years to safeguard our climate.
Nature 546 (7660), 593-595.

Figures, Christina, 2016. Plenary talk by Ch. Figueres, executive secretary of the United
Nations Fremework convention on climate change. Plenary Talk at the Adaptation
Futures Conference, Rotterdam, 10-13 May 2016, Amsterdam. https://www.
youtube.com/watch?v=LOvDelpVM8w.

Filatova, Tatiana, Verburg, Peter H., Parker, Dawn Cassandra, Stannard, Carol Ann, 2013.
Spatial agent-based models for socio-ecological systems: challenges and prospects.
Environmental Modelling & Software, Thematic Issue on Spatial Agent-Based Models
for Socio-Ecological Systems, vol. 45, 1-7. https://doi.org/10.1016/j.envsoft.2013.
03.017. (July).

Fischer-Kowalski, M., 1997. Society's metabolism: on the childhood and adolescence of a
rising conceptual star. The International Handbook of Environmental Sociology.
Edward Elgar Publishing, Cheltenham, UK.

Fuchs, Stephan, 2001. Beyond agency. Sociol. Theory 19 (1), 24-40. https://doi.org/10.
1111/0735-2751.00126.

Galam, S., 2002. Minority opinion spreading in random geometry. Eur. Phys. J. B 25 (4),
403-406. https://doi.org/10.1140/epjb/e20020045.

Garcia-Lopez, Gustavo A., 2018. Rethinking elite persistence in neoliberalism: foresters
and techno-bureaucratic logics in Mexico's community forestry. World Dev. https://
doi.org/10.1016/j.worlddev.2018.03.018. March.

Gatzweiler, F.w., Hagedorn, K., 2002. The evolution of institutions in transition. Int. J.
Agric. Resour. Gov. Ecol. 2 (1), 37-58. https://doi.org/10.1504/IJARGE.2002.
000021.

General Directorate for Sustainable Development - SOeS, 2016. Key Figures on Climate
France and Worldwide, 2016 edition. . http://www.statistiques.developpement-
durable.gouv.fr/fileadmin/documents/Produits_editoriaux/Publications/Reperes/
2015/highlights-key-figures-climate-2016-edition.pdf.

Giddens, Anthony, 1984. The Constitution of Society. Outline of the Theory of
Structuration. University of California Press, Berkley and Los Angeles.

Granovetter, Mark, 1985. Economic action and social structure: the problem of em-
beddedness. Am. J. Sociol. 91 (3), 481-510. https://doi.org/10.1086/228311.

Granovetter, Mark S., 1977. The strength of weak ties11this paper originated in discus-
sions with Harrison White, to whom I am indebted for many suggestions and ideas.
Earlier drafts were read by Ivan Chase, James Davis, William Michelson, Nancy Lee,
Peter Rossi, Charles Tilly, and an anonymous referee; their criticisms resulted in
significant improvements. In: Leinhardt, Samuel (Ed.), Social Networks. Academic
Press, pp. 347-367. https://doi.org/10.1016/B978-0-12-442450-0.50025-0.

GTM, 2018. Analysis: CO2 emissions at the World's largest companies are rising. May 2,
2018. https://www.greentechmedia.com/articles/read/analysis-firms-with-leading-
climate-strategies-have-better-stock-performanc#gs.Y6dytuE.

Hake, Jiirgen-Friedrich, Fischer, Wolfgang, Venghaus, Sandra, Weckenbrock, Christoph,
2015. The German Energiewende - history and status quo. Energy, Sustainable
Development of Energy, Water and Environment Systems, vol. 92, 532-546. https://
doi.org/10.1016/j.energy.2015.04.027. (December).

Hasegawa, Tomoko, Fujimori, Shinichiro, Takahashi, Kiyoshi, Masui, Toshihiko, 2015.
Scenarios for the risk of hunger in the twenty first century using shared socio-
economic pathways. Environ. Res. Lett. 10 (1).

Héyhd, Tiina, Lucas, Paul L., van Vuuren, Detlef P., Cornell, Sarah E., Hoff, Holger, 2016.
From planetary boundaries to national fair shares of the global safe operating space
— how can the scales be bridged? Glob. Environ. Chang. 40 (September), 60-72.
https://doi.org/10.1016/j.gloenvcha.2016.06.008.

Herrmann-Pillath, Carsten, 2018. The case for a new discipline: technosphere science.

WORLD-EARTH DYNAMICS IN THE ANTHROPOCENE: A COPAN READER 20132021

Ecological Economics 167 (2020) 106463

Ecol. Econ. 149 (July), 212-225. https://doi.org/10.1016/j.ecolecon.2018.03.024.

Hibbard, Kathy, Janetos, Anthony, van Vuuren, Detlef P., Pongratz, Julia, Rose, Steven K.,
Betts, Richard, Herold, Martin, Feddema, Johannes J., 2010. Research priorities in
land use and land-cover change for the earth system and integrated assessment
modelling. Int. J. Climatol. 30 (13), 2118-2128. https://doi.org/10.1002/joc.2150.

Hoffmann, Stefan, Hutter, Katharina, 2012. Carrotmob as a new form of ethical con-
sumption. The nature of the concept and avenues for future research. J. Consum.
Policy 35 (2), 215-236. https://doi.org/10.1007/s10603-011-9185-2.

Holley, Richard A., Liggett, Thomas M., 1975. Ergodic theorems for weakly interacting
infinite systems and the voter model. Ann. Probab. 3 (4), 643-663.

Holyst, Janusz A., Kacperski, Krzysztof, Schweitzer, Frank, 2001. Social impact models of
opinion dynamics. Annual Reviews of Computational Physics IX, vol. 9, 253-273.
Annual Reviews of Computational Physics, Volume 9. WORLD SCIENTIFIC. https://
doi.org/10.1142/9789812811578_0005.

Jaeger, Carlo C., Renn, Ortwin, Rosa, Eugene A., Webler, Thomas, 2001. Risk,
Uncertainty, and Rational Action. Earthscan Publications Ltd, London and Sterling.

Kashwan, Prakash, 2016. Inequality, democracy, and the environment: a cross-national
analysis. Ecol. Econ. (131), 139-151.

Kashwan, Prakash, 2017a. Democracy in the woods. Envrionmental Conservation and
Social Justice in India, Tanzania, and Mexico. Oxford University Press, New York.

Kashwan, Prakash, 2017b. Inequality, democracy, and the environment: a cross-national
analysis. Ecol. Econ. 131, 139-151.

Kashwan, Prakash, MacLean, Lauren M., Garcia-Lépez, Gustavo A., 2018. Rethinking
power and institutions in the shadows of neoliberalism: (an introduction to a special
issue of world development). World Dev. https://doi.org/10.1016/j.worlddev.2018.
05.026. May.

King, Anthony, 2009. Overcoming structure and agency. Talcott Parsons, Ludwig
Wittgenstein and the theory of social action. J. Class. Sociol. 9 (2), 260-288.

Kluvankova-Oravska, Tatiana, Chobotova, Veronika, Slavikova, Lenka, Trifunovova,
Sonja, 2009. From government to governance for biodiversity: the perspective of
central and eastern European transition countries - 0f3175391c2efbd10d000000.Pdf.
Environ. Policy Gov. 19, 186-196.

Kohring, G.A., 1996. Ising models of social impact: the role of cumulative advantage. J.
Phys. I 6 (2), 301-308. https://doi.org/10.1051/jp1:1996150.

Kozyr-Kowalski, Stanislaw, 1992. Economic ownership and partial and combined classes
of society. An attempt at a postive critique of post-Marxian Marxism. On Social
Differentation. A Contribution to the Critique of Marxis Ideology. Adam Mickiewicz
University Press, Poznan.

Kiimmel, Reiner, 2011. The Second Law of Economics: Energy, Entropy, and the Origins
of Wealth. Springer Science & Business Media.

McCollum, David L., Wilson, Charlie, Bevione, Michela, Carrara, Samuel, Edelenbosch,
Oreane Y., Emmerling, Johannes, Guivarch, Céline, et al., 2018. Interaction of con-
sumer preferences and climate policies in the global transition to low-carbon ve-
hicles. Nat. Energy 1https://doi.org/10.1038/541560-018-0195-z. July.

Nowak, A., Szamrej, J., Latané, B., 1990. From private attitude to public opinion: a dy-
namic theory of social impact. Psychol. Rev. 97 (3), 362.

Latane, Bibb, 1981. The psychology of social impact. Am. Psychol. 36 (4), 343-356.

Lenton, T.M., Held, H., Kriegler, E., Hall, J.W., Lucht, W., Rahmstorf, S., Schellnhuber,
H.J., 2008. Tipping elements in the earth's climate system. Proc. Natl. Acad. Sci. 105
(6), 1786-1793. https://doi.org/10.1073/pnas.0705414105.

Lister, Ruth, 2003. What is citizenship? In: Lister, Ruth, Campling, Jo (Eds.), Citizenship:
Feminist Perspectives. Macmillan Education UK, London, pp. 13-42. https://doi.org/
10.1007/978-0-230-80253-7_2.

Lloyd, C., 1988. Explanation in Social History. Blackwell, Oxford.

Lubchenco, Jane, 1998. Entering the century of the environment: a new social contract
for science. Science 279 (5350), 491-497. https://doi.org/10.1126/science.279.
5350.491.

Majid, M.R., Moeinzadeh, S.N., Tifwa, H.Y., 2014. Income-carbon footprint relationship
for urban and rural households of Iskandar Malaysia. IOP Conf. Ser. 18
(012164), 1-5.

Martinez-Alier, Joan, 2009. Social metabolism, ecological distribution conflicts, and
languages of valuation. Capital. Nat. Social. 20 (1), 58-87.

Moss, Richard H., Edmonds, Jae A., Hibbard, Kathy A., Manning, Martin R., Rose, Steven
K., et al., 2010. The next generation of scenarios for climate change research and
assessment. Nature 463, 747-756. https://doi.org/10.1038/nature08823.

Newman, Mark, 2018. Networks. Oxford University Press.

North, Douglass C., 1990. Institutions, Institutional Change and Economic Performance.
Cambridge University Press, Cambridge.

North, Douglass C., 1991. Institutions. J. Econ. Perspect. 5 (1), 97-112. https://doi.org/
10.1257/jep.5.1.97.

Offe, Clauss, 1992. The welfare state, new class differentiation and diminution of social
conflict. On Social Differentation. A Contribution to the Critique of Marxis Ideology.
Adam Mickiewicz University Press, Poznan, pp. 97-130.

Ostrom, Elinor, 2005. Understanding Institutional Diversity. Princeton University Press,
Princenton.

Otto, Ilona M., Biewald, Anne, Coumou, Dim, Feulner, Georg, Kohler, Claudia, Nocke,
Thomas, Blok, Anders, et al., 2015. Socio-economic data for global environmental
change research. Nat. Clim. Chang. 5, 503-506.

Otto, Ilona M., Reckien, Diana, Reyer, Christopher P.O., Marcus, Rachel, Masson, Virginie
Le, Jones, Lindsey, Norton, Andrew, Serdeczny, Olivia, 2017. Social vulnerability to
climate change: a review of concepts and evidence. Reg. Environ. Chang. https://doi.
0rg/10.1007/s10113-017-1105-9. February.

Otto, Ilona M., Kim, Kyoung Mi, Dubrovsky, Nika, Lucht, Wolfgang, 2019. Shift the focus
from the super-poor to the super-rich. Nat. Clim. Chang. 9 (2), 82-84. https://doi.
org/10.1038/541558-019-0402-3.

Otto-Banaszak, Ilona, Matczak, Piotr, Wesseler, Justus, Wechsung, Frank, 2011. Different

Reproduced from: I. M. Otto et al., Human agency in the Anthropocene, Ecol. Econ., vol. 167, 2020, doi: 10.1016/j.ecolecon.2019.106463, with the
permission of Elsevier


https://doi.org/10.1016/j.ecolecon.2019.106463

CONCEPTUAL FOUNDATIONS AND MAKING THE CASE

LM. Otto, et al.

perceptions of adaptation to climate change: a mental model approach applied to the
evidence from expert interviews. Reg. Environ. Chang. 11 (2), 217-228. https://doi.
0rg/10.1007/s10113-010-0144-2.

Oxfam, 2015. Extreme carbon inequality. Oxfam Media Briefing. https://www.oxfam.
org/en/research/extreme-carbon-inequality.

Paris, Chris, 2013. The homes of the super-rich: multiple residences, hyper-mobility and
decoupling of prime residential housing in global cities. Geographes of the Super-
rich. Edward Elgar, Cheltenham, UK; Northhampton, MA, USA.

Pattberg, Philipp, Stripple, Johannes, 2008. Beyond the public and private divide: re-
mapping transnational climate governance in the 21st century. Int. Environ.
Agreements 8 (4), 367-388. https://doi.org/10.1007/510784-008-9085-3.

Penn, Elizabeth Maggie, 2009. A model of farsighted voting. Am. J. Polit. Sci. 53 (1),
36-54. https://doi.org/10.1111/j.1540-5907.2008.00356.x.

Pérez, Irene, Janssen, Marco A., Anderies, John M., 2016. Food security in the face of
climate change: adaptive capacity of small-scale social-ecological systems to en-
vironmental variability. Glob. Environ. Chang. 40 (September), 82-91. https://doi.
org/10.1016/j.gloenvcha.2016.07.005.

Popp, Alexander, Lotze-Campen, Hermann, Bodirsky, Benjamin, 2010. Food consump-
tion, diet shifts and associated non-CO2 greenhouse gases from agricultural pro-
duction. Glob. Environ. Chang. 20 (3), 451-462. https://doi.org/10.1016/j.
gloenvcha.2010.02.001.

Riahi, Keywan, van Vuuren, Detlef P., Kriegler, Elmar, Jae Edmonds, Brian C.O.,
Shinichiro Fujimori, Neill, Bauer, Nico, et al., 2017. The shared socioeconomic
pathways and their energy, land use, and greenhouse gas emissions implications: an
overview. Glob. Environ. Chang. 42 (January), 153-168. https://doi.org/10.1016/j.
gloenvcha.2016.05.009.

Schellnhuber, H.J., 1999. Earth system’ analysis and the second Copernican revolution.
Nature 402 (6761supp), C19-C23. https://doi.org/10.1038/35011515.

Scrieciu, S.Serban., 2007. The inherent dangers of using computable general equilibrium
models as a single integrated modelling framework for sustainability impact assess-
ment. A critical note on Bohringer and Loschel (2006). Ecol. Econ. 60 (4), 678-684.
https://doi.org/10.1016/j.ecolecon.2006.09.012.

Simmel, Georg, 1971. On Individuality and Social Forms. Selected Writings. The
University of Chicago Press, Chicago and London.

Spaargaren, Gert, 1997. The Ecological Modernization of Production and Consumption.
Essays in Environmental Sociology. Universtiy of Wageningen, Wageningen.

Stark, David, 1996. Recombinant property in east European capitalism. Am. J. Sociol. 101
(4), 993-1027. https://doi.org/10.1086,/230786.

Steffen, Will, Rockstrom, Johan, Richardson, Katherine, Lenton, Timothy M., Folke, Carl,
Liverman, Diana, Summerhayes, Colin P., et al., 2018. Trajectories of the earth
system in the Anthropocene. Proc. Natl. Acad. Sci. https://doi.org/10.1073/pnas.
1810141115. August, 201810141.

Suwarno, Aritta, van Noordwijk, Meine, Weikard, Hans-Peter, Suyamto, Desi, 2018.
Indonesia's forest conversion moratorium assessed with an agent-based model of
land-use change and ecosystem services (LUCES). Mitig. Adapt. Strateg. Glob. Chang.

Ecological Economics 167 (2020) 106463

23 (2), 211-229. https://doi.org/10.1007/511027-016-9721-0.

Sznajd-Weron, Katarzyna, 2005. Sznajd Model and Its Applications. ArXiv:Physics/
0503239, March. http://arxiv.org/abs/physics/0503239.

Sztompka, Piotr, 1991. Society in Action. The Theory of Social Becoming. University of
Chicago Press, Chicago.

Sztompka, Piotr, 1994. Evolving focus on human agency in contemporary social theory.
Agency and Structure. Reorienting Social Theory. Gordon and Breach Science
Publishers, Yverdon, Camberwell, Paris.

Sztompka, Piotr, 2002. Socjologia: Analiza Spoleczenstwa. Znak, Krakow.

Troost, Christian, Berger, Thomas, 2015. Dealing with uncertainty in agent-based simu-
lation: farm-level modeling of adaptation to climate change in southwest Germany.
Am. J. Agric. Econ. 97 (3), 833-854. https://doi.org/10.1093/ajae/aau076.

Union of Concerned Scientists, 2018. Largest producers of industrial carbon emissions.
May 2, 2018. https://www.ucsusa.org/global-warming/science-and-impacts/
science/largest-producers-industrial-carbon-emissions.html#.Wumo_n-mUl.

United Nations, 2015a. Resolution Adopted by the General Assemly on 25 September
2015. Transforming Our World: The 2030 Agenda for Sustainable Development.
http://www.un.org/ga/search/view_doc.asp?symbol = A/RES/70/1&Lang =E.

United Nations, 2015b. UN Sustainable Development Goals. United Nations. http://
www.un.org/sustainabledevelopment/sustainable-development-goals/#.

van den Berg, Nicole J., van Soest, Heleen L., Hof, Andries F., den Elzen, Michel G.J., van
Vuuren, Detlef P., Chen, Wenying, Drouet, Laurent, et al., 2019. Implications of
Various Effort-sharing Approaches for National Carbon Budgets and Emission
Pathways. Climatic Change, February. https://doi.org/10.1007/s10584-019-
02368-y.

van Vuuren, Detlef P., Lowe, Jason, Stehfest, Elke, Gohar, Laila, Hof, Andries F., Hope,
Chris, Warren, Rachel, Meinshausen, Malte, Plattner, Gian-Kasper, 2011. How well
do integrated assessment models simulate climate change? Clim. Chang. 104 (2),
255-285. https://doi.org/10.1007/510584-009-9764-2.

van Vuuren, Detlef P., Bayer, Laura Batlle, Chuwah, Clifford, Ganzeveld, Laurens,
Hazeleger, Wilco, van der Hurk, Bart, van Noije, Twan, O'Neil, Brian, Strengers, Bart
J., 2012. A comprehensive view on climate change: coupling of earth system and
integrated assessment models. Environ. Res. Lett. 7, 1-10.

van Vuuren, Detlef P., Stehfest, Elke, Gernaat, David E.H.J., van den Berg, Maarten, Bijl,
David L., de Boer, Harmen Sytze, Daioglou, Vassilis, et al., 2018. Alternative path-
ways to the 1.5 °C target reduce the need for negative emission technologies. Nat.
Clim. Chang. 8 (5), 391-397. https://doi.org/10.1038/s41558-018-0119-8.

Velders, Guus J.M., Andersen, Stephen O., Daniel, John S., Fahey, David W., McFarland,
Mack, 2007. The importance of the Montreal protocol in protecting climate. Proc.
Natl. Acad. Sci. 104 (12), 4814-4819. https://doi.org/10.1073/pnas.0610328104.

Williamson, Oliver E., 1996. In: The Mechanisms of Governance. Oxford University Press.

Williamson, Oliver E., 1998. Transaction costs economics: how it works; where it is
headed. De Economist 146 (1), 23-58.

Williamson, Oliver E., 2000. The new institutional economics: taking stock, looking
ahead. J. Econ. Lit. 38 (3), 595-613. https://doi.org/10.1257/jel.38.3.595.

Reproduced from: I. M. Otto et al., Human agency in the Anthropocene, Ecol. Econ., vol. 167, 2020, doi: 10.1016/j.ecolecon.2019.106463, with the
permission of Elsevier


https://doi.org/10.1016/j.ecolecon.2019.106463

WORLD-EARTH DYNAMICS IN THE ANTHROPOCENE: A COPAN READER 20132021

L))

Check for
updates

@ PERSPECTIVE

Trajectories of the Earth System in
the Anthropocene

Will Steffen*®", Johan Rockstrém®, Katherine Richardson®, Timothy M. Lenton®, Carl Folke®®, Diana Livermanf,
Colin P. Summerhayes?, Anthony D. Barnosky", Sarah E. CornelP, Michel Crucifix, Jonathan F. Donges™*,
Ingo Fetzer?, Steven J. Lade™®, Marten Scheffer, Ricarda Winkelmann“™, and Hans Joachim Schellnhuber<™"

IAI1LD3dSy3d

Edited by William C. Clark, Harvard University, Cambridge, MA, and approved July 6, 2018 (received for review June 19, 2018)

We explore the risk that self-reinforcing feedbacks could push the Earth System toward a planetary
threshold that, if crossed, could prevent stabilization of the climate at intermediate temperature rises and
cause continued warming on a “"Hothouse Earth” pathway even as human emissions are reduced. Crossing
the threshold would lead to a much higher global average temperature than any interglacial in the past
1.2 million years and to sea levels significantly higher than at any time in the Holocene. We examine
the evidence that such a threshold might exist and where it might be. If the threshold is crossed, the
resulting trajectory would likely cause serious disruptions to ecosystems, society, and economies. Col-
lective human action is required to steer the Earth System away from a potential threshold and stabilize it in a
habitable interglacial-like state. Such action entails stewardship of the entire Earth System—biosphere,
climate, and societies—and could include decarbonization of the global economy, enhancement of biosphere
carbon sinks, behavioral changes, technological innovations, new governance arrangements, and trans-
formed social values.

Earth System trajectories | climate change | Anthropocene | biosphere feedbacks | tipping elements

The Anthropocene is a proposed new geological ep-
och (1) based on the observation that human impacts
on essential planetary processes have become so pro-
found (2) that they have driven the Earth out of the
Holocene epoch in which agriculture, sedentary com-
munities, and eventually, socially and technologically
complex human societies developed. The formaliza-
tion of the Anthropocene as a new geological epoch is
being considered by the stratigraphic community (3),
but regardless of the outcome of that process, it is
becoming apparent that Anthropocene conditions
transgress Holocene conditions in several respects
(2). The knowledge that human activity now rivals geo-
logical forces in influencing the trajectory of the Earth
System has important implications for both Earth Sys-
tem science and societal decision making. While

recognizing that different societies around the world
have contributed differently and unequally to pres-
sures on the Earth System and will have varied capa-
bilities to alter future trajectories (4), the sum total of
human impacts on the system needs to be taken into
account for analyzing future trajectories of the
Earth System.

Here, we explore potential future trajectories of the
Earth System by addressing the following questions.

Is there a planetary threshold in the trajectory of the
Earth System that, if crossed, could prevent stabili-
zation in a range of intermediate temperature rises?

Given our understanding of geophysical and bio-
sphere feedbacks intrinsic to the Earth System,
where might such a threshold be?
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If a threshold is crossed, what are the implications, especially for
the wellbeing of human societies?

What human actions could create a pathway that would steer
the Earth System away from the potential threshold and toward
the maintenance of interglacial-like conditions?

Addressing these questions requires a deep integration of
knowledge from biogeophysical Earth System science with that
from the social sciences and humanities on the development and
functioning of human societies (5). Integrating the requisite knowl-
edge can be difficult, especially in light of the formidable range of
timescales involved. Increasingly, concepts from complex systems
analysis provide a framework that unites the diverse fields of in-
quiry relevant to the Anthropocene (6). Earth System dynamics
can be described, studied, and understood in terms of trajectories
between alternate states separated by thresholds that are con-
trolled by nonlinear processes, interactions, and feedbacks. Based
on this framework, we argue that social and technological trends
and decisions occurring over the next decade or two could sig-
nificantly influence the trajectory of the Earth System for tens to
hundreds of thousands of years and potentially lead to conditions
that resemble planetary states that were last seen several millions
of years ago, conditions that would be inhospitable to current
human societies and to many other contemporary species.

Risk of a Hothouse Earth Pathway

Limit Cycles and Planetary Thresholds. The trajectory of the
Earth System through the Late Quaternary, particularly the Holo-
cene, provides the context for exploring the human-driven
changes of the Anthropocene and the future trajectories of the
system (S Appendix has more detail). Fig. 1 shows a simplified
representation of complex Earth System dynamics, where the
physical climate system is subjected to the effects of slow changes
in Earth’s orbit and inclination. Over the Late Quaternary (past
1.2 million years), the system has remained bounded between
glacial and interglacial extremes. Not every glacial-interglacial
cycle of the past million years follows precisely the same trajectory
(7), but the cycles follow the same overall pathway (a term that we
use to refer to a family of broadly similar trajectories). The full glacial
and interglacial states and the ca. 100,000-years oscillations be-
tween them in the Late Quaternary loosely constitute limit cycles
(technically, the asymptotic dynamics of ice ages are best modeled
as pullback attractors in a nonautonomous dynamical system). This
limit cycle is shown in a schematic fashion in blue in Fig. 1, Lower
Left using temperature and sea level as the axes. The Holocene is
represented by the top of the limit cycle loop near the label A.

The current position of the Earth System in the Anthropocene
is shown in Fig. 1, Upper Right by the small ball on the pathway
that leads away from the glacial-interglacial limit cycle. In Fig. 2, a
stability landscape, the current position of the Earth System is
represented by the globe at the end of the solid arrow in the
deepening Anthropocene basin of attraction.

The Anthropocene represents the beginning of a very rapid
human-driven trajectory of the Earth System away from the gla-
cial-interglacial limit cycle toward new, hotter climatic conditions
and a profoundly different biosphere (2, 8, 9) (S| Appendix). The
current position, at over 1 °C above a preindustrial baseline (10), is
nearing the upper envelope of interglacial conditions over the
past 1.2 million years (SI Appendix, Table S1). More importantly,
the rapid trajectory of the climate system over the past half-
century along with technological lock in and socioeconomic
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Fig. 1. A schematic illustration of possible future pathways of the
climate against the background of the typical glacial-interglacial
cycles (Lower Left). The interglacial state of the Earth System is at the
top of the glacial-interglacial cycle, while the glacial state is at the
bottom. Sea level follows temperature change relatively slowly
through thermal expansion and the melting of glaciers and ice caps.
The horizontal line in the middle of the figure represents the
preindustrial temperature level, and the current position of the Earth
System is shown by the small sphere on the red line close to the
divergence between the Stabilized Earth and Hothouse Earth
pathways. The proposed planetary threshold at ~2 °C above the
preindustrial level is also shown. The letters along the Stabilized Earth/
Hothouse Earth pathways represent four time periods in Earth's recent
past that may give insights into positions along these pathways (SI
Appendix): A, Mid-Holocene; B, Eemian; C, Mid-Pliocene; and D,
Mid-Miocene. Their positions on the pathway are approximate only.
Their temperature ranges relative to preindustrial are given in SI
Appendix, Table S1.

inertia in human systems commit the climate system to conditions
beyond the envelope of past interglacial conditions. We, there-
fore, suggest that the Earth System may already have passed one
“fork in the road” of potential pathways, a bifurcation (near A in
Fig. 1) taking the Earth System out of the next glaciation cycle (11).

In the future, the Earth System could potentially follow many
trajectories (12, 13), often represented by the large range of
global temperature rises simulated by climate models (14). In
most analyses, these trajectories are largely driven by the amount
of greenhouse gases that human activities have already emitted
and will continue to emit into the atmosphere over the rest of this
century and beyond—with a presumed quasilinear relationship
between cumulative carbon dioxide emissions and global tem-
perature rise (14). However, here we suggest that biogeophysical
feedback processes within the Earth System coupled with direct
human degradation of the biosphere may play a more important
role than normally assumed, limiting the range of potential future
trajectories and potentially eliminating the possibility of the in-
termediate trajectories. We argue that there is a significant risk
that these internal dynamics, especially strong nonlinearities in
feedback processes, could become an important or perhaps,
even dominant factor in steering the trajectory that the Earth
System actually follows over coming centuries.
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Fig. 2. Stability landscape showing the pathway of the Earth System
out of the Holocene and thus, out of the glacial-interglacial limit cycle
to its present position in the hotter Anthropocene. The fork in the
road in Fig. 1 is shown here as the two divergent pathways of the
Earth System in the future (broken arrows). Currently, the Earth
System is on a Hothouse Earth pathway driven by human emissions of
greenhouse gases and biosphere degradation toward a planetary
threshold at ~2 °C (horizontal broken line at 2 °C in Fig. 1), beyond which
the system follows an essentially irreversible pathway driven by intrinsic
biogeophysical feedbacks. The other pathway leads to Stabilized Earth, a
pathway of Earth System stewardship guided by human-created
feedbacks to a quasistable, human-maintained basin of attraction.
“Stability” (vertical axis) is defined here as the inverse of the potential
energy of the system. Systems in a highly stable state (deep valley) have
low potential energy, and considerable energy is required to move them
out of this stable state. Systems in an unstable state (top of a hill) have
high potential energy, and they require only a little additional energy to
push them off the hill and down toward a valley of lower potential energy.

This risk is represented in Figs. 1 and 2 by a planetary threshold
(horizontal broken line in Fig. 1 on the Hothouse Earth pathway
around 2 °C above preindustrial temperature). Beyond this
threshold, intrinsic biogeophysical feedbacks in the Earth System
(Biogeophysical Feedbacks) could become the dominant pro-
cesses controlling the system'’s trajectory. Precisely where a po-
tential planetary threshold might be is uncertain (15, 16). We
suggest 2 °C because of the risk that a 2 °C warming could acti-
vate important tipping elements (12, 17), raising the temperature
further to activate other tipping elements in a domino-like cas-
cade that could take the Earth System to even higher tempera-
tures (Tipping Cascades). Such cascades comprise, in essence, the
dynamical process that leads to thresholds in complex systems
(section 4.2 in ref. 18).

This analysis implies that, even if the Paris Accord target of a
1.5°Cto 2.0 °Crrise in temperature is met, we cannot exclude the
risk that a cascade of feedbacks could push the Earth System

Table 1.

Feedback
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irreversibly onto a “Hothouse Earth” pathway. The challenge that
humanity faces is to create a “Stabilized Earth” pathway that steers
the Earth System away from its current trajectory toward the
threshold beyond which is Hothouse Earth (Fig. 2). The human-
created Stabilized Earth pathway leads to a basin of attraction
that is not likely to exist in the Earth System'’s stability landscape
without human stewardship to create and maintain it. Creating such
a pathway and basin of attraction requires a fundamental change in
the role of humans on the planet. This stewardship role requires
deliberate and sustained action to become an integral, adaptive
part of Earth System dynamics, creating feedbacks that keep the
system on a Stabilized Earth pathway (Alternative Stabilized
Earth Pathway).

We now explore this critical question in more detail by con-
sidering the relevant biogeophysical feedbacks (Biogeophysical
Feedbacks) and the risk of tipping cascades (Tipping Cascades).

Biogeophysical Feedbacks. The trajectory of the Earth System is
influenced by biogeophysical feedbacks within the system that
can maintain it in a given state (negative feedbacks) and those that
can amplify a perturbation and drive a transition to a different
state (positive feedbacks). Some of the key negative feedbacks that
could maintain the Earth System in Holocene-like conditions—
notably, carbon uptake by land and ocean systems—are weakening
relative to human forcing (19), increasing the risk that positive
feedbacks could play an important role in determining the Earth
System'’s trajectory. Table 1 summarizes carbon cycle feedbacks
that could accelerate warming, while SI Appendix, Table S2 de-
scribes in detail a more complete set of biogeophysical feedbacks
that can be triggered by forcing levels likely to be reached within
the rest of the century.

Most of the feedbacks can show both continuous responses
and tipping point behavior in which the feedback process
becomes self-perpetuating after a critical threshold is crossed;
subsystems exhibiting this behavior are often called "tipping el-
ements” (17). The type of behavior—continuous response or
tipping point/abrupt change—can depend on the magnitude or
the rate of forcing, or both. Many feedbacks will show some
gradual change before the tipping point is reached.

A few of the changes associated with the feedbacks are re-
versible on short timeframes of 50-100 years (e.g., change in
Arctic sea ice extent with a warming or cooling of the climate;
Antarctic sea ice may be less reversible because of heat accu-
mulation in the Southern Ocean), but most changes are largely
irreversible on timeframes that matter to contemporary societies
(e.g., loss of permafrost carbon). A few of the feedbacks do not
have apparent thresholds (e.g., change in the land and ocean
physiological carbon sinks, such as increasing carbon uptake due

Carbon cycle feedbacks in the Earth System that could accelerate global warming

Strength of feedback Refs. (SI Appendix, Table

Permafrost thawing
Relative weakening of land and ocean physiological C sinks
Increased bacterial respiration in the ocean
Amazon forest dieback
Boreal forest dieback
Total

by 2100,* °C S2 has more details)
0.09 (0.04-0.16) 20-23
0.25(0.13-0.37) 24
0.02 25, 26
0.05 (0.03-0.11) 27
0.06 (0.02-0.10) 28

0.47 (0.24-0.66)

The strength of the feedback is estimated at 2100 for an ~2 °C warming.
*The additional temperature rise (degrees Celsius) by 2100 arising from the feedback.

8254 | www.pnas.org/cgi/doi/10.1073/pnas.1810141115
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Fig. 3. Global map of potential tipping cascades. The individual
tipping elements are color- coded according to estimated thresholds
in global average surface temperature (tipping points) (12, 34).
Arrows show the potential interactions among the tipping elements
based on expert elicitation that could generate cascades. Note that,
although the risk for tipping (loss of) the East Antarctic Ice Sheet is
proposed at >5 °C, some marine-based sectors in East Antarctica may
be vulnerable at lower temperatures (35-38).

to the CO; fertilization effect or decreasing uptake due to a de-
crease in rainfall). For some of the tipping elements, crossing the
tipping point could trigger an abrupt, nonlinear response (e.g.,
conversion of large areas of the Amazon rainforest to a savanna or
seasonally dry forest), while for others, crossing the tipping point
would lead to a more gradual but self-perpetuating response
(large-scale loss of permafrost). There could also be considerable
lags after the crossing of a threshold, particularly for those tipping
elements that involve the melting of large masses of ice. However,
in some cases, ice loss can be very rapid when occurring as
massive iceberg outbreaks (e.g., Heinrich Events).

For some feedback processes, the magnitude—and even the
direction—depend on the rate of climate change. If the rate of
climate change is small, the shift in biomes can track the change in
temperature/moisture, and the biomes may shift gradually, po-
tentially taking up carbon from the atmosphere as the climate warms
and atmospheric CO, concentration increases. However, if the rate of
climate change is too large or too fast, a tipping point can be crossed,
and a rapid biome shift may occur via extensive disturbances (e.g.,
wildfires, insect attacks, droughts) that can abruptly remove an
existing biome. In some terrestrial cases, such as widespread wild-
fires, there could be a pulse of carbon to the atmosphere, which if
large enough, could influence the trajectory of the Earth System (29).

Varying response rates to a changing climate could lead to
complex biosphere dynamics with implications for feedback
processes. For example, delays in permafrost thawing would most
likely delay the projected northward migration of boreal forests
(30), while warming of the southern areas of these forests could
result in their conversion to steppe grasslands of significantly
lower carbon storage capacity. The overall result would be a
positive feedback to the climate system.

The so-called “greening” of the planet, caused by enhanced
plant growth due to increasing atmospheric CO, concentration
(31), has increased the land carbon sink in recent decades (32).
However, increasing atmospheric COs, raises temperature, and
hotter leaves photosynthesize less well. Other feedbacks are also
involved—for instance, warming the soil increases microbial res-
piration, releasing CO; back into the atmosphere.

Steffen et al.

Our analysis focuses on the strength of the feedback between
now and 2100. However, several of the feedbacks that show
negligible or very small magnitude by 2100 could nevertheless be
triggered well before then, and they could eventually generate
significant feedback strength over longer timeframes—centuries
and even millennia—and thus, influence the long-term trajectory
of the Earth System. These feedback processes include perma-
frost thawing, decomposition of ocean methane hydrates, in-
creased marine bacterial respiration, and loss of polar ice sheets
accompanied by a rise in sea levels and potential amplification of
temperature rise through changes in ocean circulation (33).

Tipping Cascades. Fig. 3 shows a global map of some potential
tipping cascades. The tipping elements fall into three clusters
based on their estimated threshold temperature (12, 17, 39).
Cascades could be formed when a rise in global temperature
reaches the level of the lower-temperature cluster, activating
tipping elements, such as loss of the Greenland Ice Sheet or Arctic
sea ice. These tipping elements, along with some of the non-
tipping element feedbacks (e.g., gradual weakening of land and
ocean physiological carbon sinks), could push the global average
temperature even higher, inducing tipping in mid- and higher-
temperature clusters. For example, tipping (loss) of the Green-
land Ice Sheet could trigger a critical transition in the Atlantic
Meridional Ocean Circulation (AMOC), which could together, by
causing sea-level rise and Southern Ocean heat accumulation,
accelerate ice loss from the East Antarctic Ice Sheet (32, 40) on
timescales of centuries (41).

Observations of past behavior support an important contri-
bution of changes in ocean circulation to such feedback cascades.
During previous glaciations, the climate system flickered between
two states that seem to reflect changes in convective activity in the
Nordic seas and changes in the activity of the AMOC. These
variations caused typical temperature response pattems called the
"bipolar seesaw” (42—44). During extremely cold conditions in the
north, heat accumulated in the Southern Ocean, and Antarctica
warmed. Eventually, the heat made its way north and generated
subsurface warming that may have been instrumental in destabi-
lizing the edges of the Northern Hemisphere ice sheets (45).

If Greenland and the West Antarctic Ice Sheet melt in the fu-
ture, the freshening and cooling of nearby surface waters will have
significant effects on the ocean circulation. While the probability
of significant circulation changes is difficult to quantify, climate
model simulations suggest that freshwater inputs compatible with
current rates of Greenland melting are sufficient to have mea-
surable effects on ocean temperature and circulation (46, 47).
Sustained warming of the northern high latitudes as a result of this
process could accelerate feedbacks or activate tipping elements
in that region, such as permafrost degradation, loss of Arctic sea
ice, and boreal forest dieback.

While this may seem to be an extreme scenario, it illustrates
that a warming into the range of even the lower-temperature
cluster (i.e., the Paris targets) could lead to tipping in the mid- and
higher-temperature clusters via cascade effects. Based on this
analysis of tipping cascades and taking a risk-averse approach, we
suggest that a potential planetary threshold could occur at a
temperature rise as low as ~2.0 °C above preindustrial (Fig. 1).

Alternative Stabilized Earth Pathway

If the world’s societies want to avoid crossing a potential threshold
that locks the Earth System into the Hothouse Earth pathway, then
it is critical that they make deliberate decisions to avoid this risk
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and maintain the Earth System in Holocene-like conditions. This
human-created pathway is represented in Figs. 1 and 2 by what
we call Stabilized Earth (small loop at the bottom of Fig. 1, Upper
Right), in which the Earth System is maintained in a state with a
temperature rise no greater than 2 °C above preindustrial (a
“super-Holocene” state) (11). Stabilized Earth would require deep
cuts in greenhouse gas emissions, protection and enhancement of
biosphere carbon sinks, efforts to remove CO, from the atmosphere,
possibly solar radiation management, and adaptation to unavoidable
impacts of the warming already occurring (48). The short broken red
line beyond Stabilized Earth in Fig. 1, Upper Right represents a po-
tential retum to interglacial-like conditions in the longer term.

In essence, the Stabilized Earth pathway could be conceptu-
alized as a regime of the Earth System in which humanity plays an
active planetary stewardship role in maintaining a state in-
termediate between the glacial-interglacial limit cycle of the Late
Quaternary and a Hothouse Earth (Fig. 2). We emphasize that
Stabilized Earth is not an intrinsic state of the Earth System but
rather, one in which humanity commits to a pathway of ongoing
management of its relationship with the rest of the Earth System.

A critical issue is that, if a planetary threshold is crossed toward
the Hothouse Earth pathway, accessing the Stabilized Earth
pathway would become very difficult no matter what actions hu-
man societies might take. Beyond the threshold, positive (reinforcing)
feedbacks within the Earth System—outside of human influence or
control—could become the dominant driver of the system’s pathway,
as individual tipping elements create linked cascades through time
and with rising temperature (Fig. 3). In other words, after the Earth
System is committed to the Hothouse Earth pathway, the alternative
Stabilized Earth pathway would very likely become inaccessible as
illustrated in Fig. 2.

What Is at Stake? Hothouse Earth is likely to be uncontrollable
and dangerous to many, particularly if we transition into it in only a
century or two, and it poses severe risks for health, economies, po-
litical stability (12, 39, 49, 50) (especially for the most climate vul-
nerable), and ultimately, the habitability of the planet for humans.

Insights into the risks posed by the rapid climatic changes
emerging in the Anthropocene can be obtained not only from
contemporary observations (51-55) but also, from interactions in
the past between human societies and regional and seasonal
hydroclimate variability. This variability was often much more
pronounced than global, longer-term Holocene variability (S!
Appendix). Agricultural production and water supplies are espe-
cially vulnerable to changes in the hydroclimate, leading to hot/
dry or cool/wet extremes. Societal declines, collapses, migrations/
resettlements, reorganizations, and cultural changes were often
associated with severe regional droughts and with the global
megadrought at 4.2-3.9 thousand years before present, all oc-
curring within the relative stability of the narrow global Holocene
temperature range of approximately =1 °C (56).

Sl Appendix, Table S4 summarizes biomes and regional bio-
sphere—physical climate subsystems critical for human wellbeing
and the resultant risks if the Earth System follows a Hothouse Earth
pathway. While most of these biomes or regional systems may be
retained in a Stabilized Earth pathway, most or all of them would
likely be substantially changed or degraded in a Hothouse Earth
pathway, with serious challenges for the viability of human societies.

For example, agricultural systems are particularly vulnerable,
because they are spatially organized around the relatively stable
Holocene patterns of terrestrial primary productivity, which de-
pend on a well-established and predictable spatial distribution of

8256 | www.pnas.org/cgi/doi/10.1073/pnas.1810141115

WORLD-EARTH DYNAMICS IN THE ANTHROPOCENE: A COPAN READER 20132021

temperature and precipitation in relation to the location of fertile
soils as well as on a particular atmospheric CO, concentration.
Current understanding suggests that, while a Stabilized Earth
pathway could result in an approximate balance between in-
creases and decreases in regional production as human systems
adapt, a Hothouse Earth trajectory will likely exceed the limits of
adaptation and result in a substantial overall decrease in agricul-
tural production, increased prices, and even more disparity be-
tween wealthy and poor countries (57).

The world’s coastal zones, especially low-lying deltas and the
adjacent coastal seas and ecosystems, are particularly important
for human wellbeing. These areas are home to much of the world’s
population, most of the emerging megacities, and a significant
amount of infrastructure vital for both national economies and in-
ternational trade. A Hothouse Earth trajectory would almost cer-
tainly flood deltaic environments, increase the risk of damage from
coastal storms, and eliminate coral reefs (and all of the benefits that
they provide for societies) by the end of this century or earlier (58).

Human Feedbacks in the Earth System. In the dominant climate
change narrative, humans are an external force driving change to the
Earth System in a largely linear, deterministic way; the higher the
forcing in terms of anthropogenic greenhouse gas emissions,
the higher the global average temperature. However, our anal-
ysis argues that human societies and our activities need to be
recast as an integral, interacting component of a complex, adaptive
Earth System. This framing puts the focus not only on human system
dynamics that reduce greenhouse gas emissions but also, on those
that create or enhance negative feedbacks that reduce the risk that
the Earth System will cross a planetary threshold and lock into a
Hothouse Earth pathway.

Humanity's challenge then is to influence the dynamical
properties of the Earth System in such a way that the emerging
unstable conditions in the zone between the Holocene and a very
hot state become a de facto stable intermediate state (Stabilized
Earth) (Fig. 2). This requires that humans take deliberate, integral,
and adaptive steps to reduce dangerous impacts on the Earth
System, effectively monitoring and changing behavior to form
feedback loops that stabilize this intermediate state.

There is much uncertainty and debate about how this can be
done—technically, ethically, equitably, and economically—and
there is no doubt that the normative, policy, and institutional as-
pects are highly challenging. However, societies could take a wide
range of actions that constitute negative feedbacks, summarized
in SI Appendix, Table S5, to steer the Earth System toward Sta-
bilized Earth. Some of these actions are already altering emission
trajectories. The negative feedback actions fall into three broad
categories: (i) reducing greenhouse gas emissions, (ii) enhancing
or creating carbon sinks (e.g., protecting and enhancing bio-
sphere carbon sinks and creating new types of sinks) (59), and (iii)
modifying Earth’s energy balance (for example, via solar radiation
management, although that particular feedback entails very large risks
of destabilization or degradation of several key processes in the Earth
System) (60, 61). While reducing emissions is a priority, much more
could be done to reduce direct human pressures on critical biomes
that contribute to the regulation of the state of the Earth System
through carbon sinks and moisture feedbacks, such as the Amazon
and boreal forests (Table 1), and to build much more effective stew-
ardship of the marine and terrestrial biospheres in general.

The present dominant socioeconomic system, however, is
based on high-carbon economic growth and exploitative resource
use (9). Attempts to modify this system have met with some

Steffen et al.

Reproduced from: W. Steffen et al., Trajectories of the Earth System in the Anthropocene, Proc. Natl. Acad. Sci. U. S. A,, vol. 115, no. 33, pp.
8252-8259, 2018, doi: 10.1073/pnas.1810141115. Published under Creative Commons Attribution License 4.0 (CC BY NC ND).


https://doi.org/10.1073/pnas.1810141115

BEEERRNAS - PNAS _PNAS |

CONCEPTUAL FOUNDATIONS AND MAKING THE CASE

success locally but little success globally in reducing greenhouse
gas emissions or building more effective stewardship of the bio-
sphere. Incremental linear changes to the present socioeconomic
system are not enough to stabilize the Earth System. Widespread,
rapid, and fundamental transformations will likely be required to
reduce the risk of crossing the threshold and locking in the Hot-
house Earth pathway; these include changes in behavior, tech-
nology and innovation, governance, and values (48, 62, 63).

International efforts to reduce human impacts on the Earth
System while improving wellbeing include the United Nations
Sustainable Development Goals and the commitment in the Paris
agreement to keep warming below 2 °C. These international
governance initiatives are matched by carbon reduction com-
mitments by countries, cities, businesses, and individuals (64-66) ,
but as yet, these are not enough to meet the Paris target. En-
hanced ambition will need new collectively shared values, prin-
ciples, and frameworks as well as education to support such
changes (67, 68). In essence, effective Earth System stewardship is
an essential precondition for the prosperous development of
human societies in a Stabilized Earth pathway (69, 70).

In addition to institutional and social innovation at the global
governance level, changes in demographics, consumption, be-
havior, attitudes, education, institutions, and socially embedded
technologies are all important to maximize the chances of
achieving a Stabilized Earth pathway (71). Many of the needed
shifts may take decades to have a globally aggregated impact (S/
Appendix, Table S5), but there are indications that society may be
reaching some important societal tipping points. For example,
there has been relatively rapid progress toward slowing or re-
versing population growth through declining fertility resulting
from the empowerment of women, access to birth control tech-
nologies, expansion of educational opportunities, and rising in-
come levels (72, 73). These demographic changes must be
complemented by sustainable per capita consumption patterns,
especially among the higher per capita consumers. Some changes
in consumer behavior have been observed (74, 75), and oppor-
tunities for consequent major transitions in social norms over
broad scales may arise (76). Technological innovation is contrib-
uting to more rapid decarbonization and the possibility for re-
moving CO; from the atmosphere (48).

Ultimately, the transformations necessary to achieve the Sta-
bilized Earth pathway require a fundamental reorientation and
restructuring of national and international institutions toward
more effective governance at the Earth System level (77), with a
much stronger emphasis on planetary concerns in economic
governance, global trade, investments and finance, and techno-
logical development (78).

Building Resilience in a Rapidly Changing Earth System. Even if
a Stabilized Earth pathway is achieved, humanity will face a tur-
bulent road of rapid and profound changes and uncertainties on
route to it—politically, socially, and environmentally—that chal-
lenge the resilience of human societies (79-82). Stabilized Earth
will likely be warmer than any other time over the last 800,000 years
at least (83) (that is, warmer than at any other time in which fully
modern humans have existed).

In addition, the Stabilized Earth trajectory will almost surely be
characterized by the activation of some tipping elements (Tipping
Cascades and Fig. 3) and by nonlinear dynamics and abrupt
shifts at the level of critical biomes that support humanity (S/
Appendix, Table S4). Current rates of change of important fea-
tures of the Earth System already match or exceed those of abrupt
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geophysical events in the past (S| Appendix). With these trends
likely to continue for the next several decades at least, the con-
temporary way of guiding development founded on theories,
tools, and beliefs of gradual or incremental change, with a focus
on economy efficiency, will likely not be adequate to cope with
this trajectory. Thus, in addition to adaptation, increasing resil-
ience will become a key strategy for navigating the future.

Generic resilience-building strategies include developing in-
surance, buffers, redundancy, diversity, and other features of
resilience that are critical for transforming human systems in the
face of warming and possible surprise associated with tipping
points (84). Features of such a strategy include (i) maintenance of
diversity, modularity, and redundancy; (i) management of con-
nectivity, openness, slow variables, and feedbacks; (i) un-
derstanding social-ecological systems as complex adaptive
systems, especially at the level of the Earth System as a whole (85);
(iv) encouraging learing and experimentation; and (v) broaden-
ing of participation and building of trust to promote polycentric
governance systems (86, 87).

Conclusions

Our systems approach, focusing on feedbacks, tipping points,
and nonlinear dynamics, has addressed the four questions posed
in the Introduction.

Our analysis suggests that the Earth System may be approaching
a planetary threshold that could lock in a continuing rapid pathway
toward much hotter conditions—Hothouse Earth. This pathway
would be propelled by strong, intrinsic, biogeophysical feedbacks
difficult to influence by human actions, a pathway that could not be
reversed, steered, or substantially slowed.

Where such a threshold might be is uncertain, but it could be
only decades ahead at a temperature rise of ~2.0 °C above pre-
industrial, and thus, it could be within the range of the Paris Ac-
cord temperature targets.

The impacts of a Hothouse Earth pathway on human societies would
likely be massive, sometimes abrupt, and undoubtedly disruptive.

Avoiding this threshold by creating a Stabilized Earth pathway
can only be achieved and maintained by a coordinated, de-
liberate effort by human societies to manage our relationship with
the rest of the Earth System, recognizing that humanity is an in-
tegral, interacting component of the system. Humanity is now
facing the need for critical decisions and actions that could in-
fluence our future for centuries, if not millennia (88).

How credible is this analysis? There is significant evidence from
anumber of sources that the risk of a planetary threshold and thus,
the need to create a divergent pathway should be taken seriously:

First, the complex system behavior of the Earth System in the
Late Quaternary is well-documented and understood. The two
bounding states of the system—glacial and interglacial—are
reasonably well-defined, the ca. 100,000-years periodicity of the
limit cycle is established, and internal (carbon cycle and ice albedo
feedbacks) and external (changes in insolation caused by changes
in Earth’s orbital parameters) driving processes are generally well-
known. Furthermore, we know with high confidence that the
progressive disintegration of ice sheets and the transgression of
other tipping elements are difficult to reverse after critical levels of
warming are reached.

Second, insights from Earth’s recent geological past (SI Ap-
pendix) suggest that conditions consistent with the Hothouse
Earth pathway are accessible with levels of atmospheric CO,
concentration and temperature rise either already realized or
projected for this century (SI Appendix, Table S1).
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Third, the tipping elements and feedback processes that
operated over Quaternary glacial-interglacial cycles are
the same as several of those proposed as critical for the fu-
ture trajectory of the Earth System (Biogeophysical Feed-
backs, Tipping Cascades, Fig. 3, Table 1, and SI Appendix,
Table S2).

Fourth, contemporary observations (29, 38) (SI Appendix) of
tipping element behavior at an observed temperature anomaly of
about 1 °C above preindustrial suggest that some of these ele-
ments are vulnerable to tipping within justa 1 °C to 3 °C increase
in global temperature, with many more of them vulnerable at
higher temperatures (Biogeophysical Feedbacks and Tipping
Cascades) (12, 17, 39). This suggests that the risk of tipping cas-
cades could be significant at a 2 °C temperature rise and could
increase sharply beyond that point. We argue that a planetary
threshold in the Earth System could exist at a temperature rise as
low as 2 °C above preindustrial.

The Stabilized Earth trajectory requires deliberate manage-
ment of humanity’s relationship with the rest of the Earth System if
the world is to avoid crossing a planetary threshold. We suggest
that a deep transformation based on a fundamental reorientation
of human values, equity, behavior, institutions, economies, and
technologies is required. Even so, the pathway toward Stabilized
Earth will involve considerable changes to the structure and func-
tioning of the Earth System, suggesting that resilience-building
strategies be given much higher priority than at present in decision
making. Some signs are emerging that societies are initiating some of
the necessary transformations. However, these transformations are
still in initial stages, and the social/political tipping points that
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definitively move the current trajectory away from Hothouse Earth
have not yet been crossed, while the door to the Stabilized Earth
pathway may be rapidly closing.

Our initial analysis here needs to be underpinned by more in-
depth, quantitative Earth System analysis and modeling studies to
address three critical questions. (i) Is humanity at risk for pushing
the system across a planetary threshold and irreversibly down a
Hothouse Earth pathway? (i) What other pathways might be pos-
sible in the complex stability landscape of the Earth System, and
what risks might they entail? (iii) What planetary stewardship strat-
egies are required to maintain the Earth System in a manageable
Stabilized Earth state?
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Abstract. Human societies depend on the resources ecosystems provide. Particularly since the last century,
human activities have transformed the relationship between nature and society at a global scale. We study this
coevolutionary relationship by utilizing a stylized model of private resource use and social learning on an adap-
tive network. The latter process is based on two social key dynamics beyond economic paradigms: boundedly
rational imitation of resource use strategies and homophily in the formation of social network ties. The private
and logistically growing resources are harvested with either a sustainable (small) or non-sustainable (large) ef-
fort. We show that these social processes can have a profound influence on the environmental state, such as
determining whether the private renewable resources collapse from overuse or not. Additionally, we demon-
strate that heterogeneously distributed regional resource capacities shift the critical social parameters where this
resource extraction system collapses. We make these points to argue that, in more advanced coevolutionary
models of the planetary social-ecological system, such socio-cultural phenomena as well as regional resource
heterogeneities should receive attention in addition to the processes represented in established Earth system and
integrated assessment models.

1 Resource use in social-ecological systems manner and the question of their joint dynamics urgent. So-

cial and ecological systems should therefore be studied not

Whether, when and how human usage of biophysical re-
sources meets limits that produce feedbacks onto social
functioning has a long history of controversial discussion
(Malthus, 1798; Meadows et al., 1972; Rockstrom et al.,
2009). Especially in the last century, human activities have
changed the relationship between nature and society at the
global scale (Crutzen, 2002; Steffen et al., 2007, 2015a),
making them mutually interdependent in an unprecedented

only in isolation but also as interlinked social-ecological
systems (Berkes and Folke, 1998). Here, we contribute to
this debate by investigating properties of a stylized social
system that cause the linked resource use system to either
collapse or remain viable. Such a perspective also has im-
portant implications for the mathematical modeling of inter-
dependent, global human—environment interactions (Verburg
et al., 2016; van Vuuren et al., 2016). Typically, in present-
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day analysis the Earth system is either modeled from a purely
biophysical point of view (Claussen et al., 2002) or from
a biophysical-economic one (van Vuuren et al., 2012), de-
pending on the scope of the research question. However, both
approaches do not take into account social dynamics beyond
macroeconomic paradigms.

Here, we conceptually explore avenues for a third strand
of global modeling, next to the biophysical and biophysical—
economic one, also incorporating socio-cultural dynamics.
Founded on a genuinely social-ecological perspective, we
term these “World—Earth” system models to emphasize the
free coevolution of the social and ecological components
(Schellnhuber, 1998, 1999). While sophisticated models of
this type are not yet available, the literature contains vari-
ous modeling studies that incorporate potentially important
features such as static interaction networks (Chung et al.,
2013; Sugiarto et al., 2015) to depict stylized social dynamics
(Holme and Newman, 2006; Auer et al., 2015), tele-coupling
effects in a globalized society interacting through social net-
works (Janssen et al., 2006; Bodin and Tengd, 2012), social—
ecological regime shifts (Scheffer et al., 2001; Lade et al.,
2013) and (social) tipping elements (Schellnhuber, 2009;
Bentley et al., 2014), structural reorganization occurring on
adaptive social networks (Gross and Blasius, 2008; Snijders
et al., 2010; Sayama et al., 2013; Schleussner et al., 2016)
or structural transformations (Lade et al., 2017) and cultural
preference dynamics due to traits such as imitation (Traulsen
et al., 2010) or homophily (McPherson et al., 2001; Centola
et al., 2007).

We set out a simple model (see Sect. 2) to demonstrate that
social network interactions, imitation and homophily may
have a profound influence on the environmental state, such
as determining whether a collection of private renewable re-
sources collapses from overuse or not. We argue that more
elaborate and sophisticated implementations of such social
phenomena should receive attention in the future develop-
ment of global system models, supplementing already estab-
lished Earth system and integrated assessment models, nei-
ther of which at present include them.

As a particular case study for our model we examine the
effect of heterogeneously distributed resources. This is im-
portant since in the real-world agents do have access to dif-
ferent amounts of biophysical resources. Our study exam-
ines under which combinations of parameters characterizing
a social learning network process does the model converge
to a sustainable regime for different degrees of resource ac-
cess heterogeneity. Parameters governing social learning dy-
namics are, on the one hand, a homophily parameter ¢, ad-
dressing the propensity of nodes to establish interactions with
nodes of the same kind (see Sect. 2 for a detailed model de-
scription). On the other hand, the timescale of social interac-
tion T quantifies the average time for social updates on the
network. We purposely do not model any form of individ-
ual learning of the agents with regard to the best harvest-
ing strategy to emphasize the effects of the described social
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learning process. For homogeneous resource access (Wieder-
mann et al., 2015), one already observes a threshold in the
parameter space of the model from non-sustainable to sus-
tainable regimes at certain critical values ¢, and .. Since
the concrete heterogeneous resource distribution is often un-
known, we show systematically how an increasing hetero-
geneity — starting from an almost homogeneous distribution
— affects the critical transition parameters ¢. and .. Addi-
tionally we show that in our stylized model a heavy-tailed re-
source distribution in comparison to a non-heavy-tailed dis-
tribution changes the model’s behavior considerably. This is
important as real-world resource data suggest that access to
biophysical resources may indeed be distributed with heavy
tails.

2 Model description

The intention behind our model design is not to closely fol-
low any specific real-world setting but to explore the coevo-
Iution of socio-cultural dynamics with ecological dynamics.
On a conceptual level, human—environment interactions are
happening either in a common-pool or private-pool setting.
Common-pool dilemmas have been studied extensively in
the past (Hardin, 1968; Tavoni et al., 2012; Ostrom, 2015).
Here, agents can retrieve information on another agent’s har-
vesting strategy either via the ecological subsystem, i.e., the
common pool, itself or via purely social interactions. In order
to specifically focus on the latter of the two as an important
domain of processes, we eliminate any transfer of informa-
tion via the ecological system and discard a common-pool
setting in favor of individual and private resource stocks per
agent. Wiedermann et al. (2015) introduced a model for such
a setting for the special case of homogeneously distributed
private resources, revealed transitions and distinct regimes in
its parameter space, and provided analytical approximations
of its dynamics. Here, we adjust this setting for the more
general case of an inhomogeneous resource distribution. An
overview of the model is provided in Fig. 1.

2.1 A stylized anthroposphere

The social learning (Bandura, 1977) process takes place in a
network initialized as a random graph G (Erdos and Rényi,
1960) with nodes labeled by integer number i =1,...,N
that represent social agents. It is based on two theoretical
paradigms: (i) agents either change their strategy through
boundedly rational imitation (Traulsen et al., 2010; Bahar
et al., 2014) or (ii) adapt their local network structure by
rewiring to other nodes with similar behavior (homophily,
McPherson et al., 2001; Centola et al., 2007). In order to
integrate this discrete update process (Holme and Newman,
2006; Zanette and Gil, 2006) with the continuous evolution
of the resource stocks, social update times #; are assigned to
the agents as generated by a Poisson process with an expo-
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Figure 1. Illustration of our stylized social-ecological model. As the ecological subprocess the agents harvest their private logistically
growing renewable resource with either a sustainable (blue) or non-sustainable (red) strategy. The social subprocess follows the logics of
strategy imitation due to comparisons of harvest rates and of social network adaptation due to homophily. The social update times are

generated by a Poisson process with average inter-event time 7.

nential distribution,

1 — At
p(Ati:r)=—CXp( ) (1
T T

of waiting times Af;, where the parameter t gives the ex-
pected waiting time.

Thus, agent v; with the lowest update time in the queue
performs the social update process accordingly:

(1) If the degree of agent v; is zero (i.e., v; has no neigh-
bors), move to (3); otherwise choose a neighbor v ; of v;
at random.

- (2) If v; and v; employ the same harvesting strategy
S; = §; (either sustainable or non-sustainable; see be-
low), move to (3). Otherwise, move to (2.1).

- (2.1) With rewiring probability ¢ disconnect v; from
v; and connect v; to a randomly chosen agent vy that
employs the same strategy.

— (2.2) If (2.1) was not chosen, change the strategy of v;
to the one of v; according to the sigmoidal imitation
probability function

1
P(Si— §j) =5 (tanh (y [A;() = O] +1). (@)

Hence, the greater the harvest rate & (see below) of v;
with respect to the harvest rate h; of v;, the more likely
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agent v; is to change its strategy to the one of agent
v;. Agents only consider their current yields when for-
mulating their next harvesting strategy. This assumption
reflects boundedly rational behavior in the form of the
agent’s limited knowledge of their own and their neigh-
bors’ ecosystems. The parameter y controls the slope
of the imitation probability function (Eq. 2) — i.e., for
y — oo node v; would always imitate agent v;’s strat-
egy if hj(¢) > h;(t), while for y — 0 the imitation prob-
ability tends to 1/2 and is independent of the agents’
harvest rates. Therefore, one can interpret y as an imi-
tation tendency parameter. In fact, Traulsen et al. (2010)
found this sigmoidal shape of imitation probability in a
behavioral experiment.

— (3) For the next update, another waiting time is drawn
from the exponential distribution (Eq. 1) and added to
the update time of node v;.

2.2 A stylized ecosphere
2.2.1 Private resource dynamics

The ecological module of our model consists of private re-
newable resources each following a logistic growth func-
tion, which is chosen as one of the simplest and most com-
monly used models of renewable resource dynamics in a
constrained environment (Brander and Taylor, 1998; Keel-
ing, 2000; Perman et al., 2003). Additionally, a harvest rate
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h; = E;s; is subtracted from the rate of change of the re-
source stock s;. E; denotes the effort of agent v;. Thus, the
dynamics of the ith resource are given by

dS,' —o (1 Si ) E:s: (3)
dr = 8i C; Si iSi-

Here, g; denotes the growth rate and C; the carrying capacity
of the ith resource stock. The strategy S; of agent v; can ei-
ther be sustainable (S; = 1), resulting in an effort E; ; = %,

or non-sustainable (S; = 0) with an effort E; , = % These
efforts have been chosen such that the sustainable strategy
coincides with the maximum sustainable yield, whereas the
non-sustainable strategy leads to the full depletion of the
resource stock and, consequently, no harvest at all in the
long term. Note that E; , and E; ¢ are symmetrically sep-
arated from the critical effort E; .= g;. The latter is de-
fined such that, for positive efforts below E; , the resource
stock converges to a non-zero stationary state, whereas for
efforts above E; . the resource stock collapses and converges
to zero. When in interplay with the social update process,
Eq. (3) is used as its analytically derived definite integral,
which circumvents the need for any numerical integration
methods.

2.2.2 Resource heterogeneity

Heterogeneous access to resources is operationalized by ran-
domly distributing the resource capacities C; according to a
prescribed probability density function. For this purpose, we
examine the lognormal distribution

1 [ (InC — p)?
ex —
Co2m P 202

with parameters © and o (not to be confused with the stan-
dard deviation of C). It is derived from the normal distribu-
tion: a positive random variable is lognormally distributed if
its logarithm is normally distributed. The lognormal distri-
bution is therefore applicable for positive valued quantities
and has a heavy tail. o and p are the standard deviation and
the mean of the logarithmic variable InC, respectively. The
lognormal distribution occurs in variables from many fields,
including biological and economic attributes (Sachs, 1984).
Figure 2 shows exemplary empirical distributions of three
different types of resources to illustrate that real-world re-
source data can be qualitatively described by a lognormal
distribution with least-squares fits revealing different o pa-
rameters: (i) forested land area per country o = 3.83 for the
year 1991; (ii) biocapacity per country ¢ = 1.42 computed
from the Ecological Footprint Network (Ewing et al., 2008),
representing the capacity of ecosystems to regenerate what
people extract; and (iii) total renewable water resources data
o = 1.98 characterizing the maximum yearly amount of wa-
ter available to each country for the year 2012. Although the
agreement between the lognormal distribution and the data

InN(C; u,0) =

:|, c>0, 4
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Figure 2. Empirical resource data per country normalized to the re-
spective average (dots) together with least-squares-fitted lognormal
distributions (lines): biocapacity (o = 1.42, for the year 2007) com-
puted from the Ecological Footprint Network (Ewing et al., 2008)
represents the capacity of ecosystems to regenerate what people de-
mand from them; total renewable water resources (o = 1.98, for the
year 2012) corresponds to the maximum theoretical yearly amount
of water actually available for a country; forest land area per country
(o0 = 3.83, for the year 1991). The data are normalized to yield the
same parameter ;4 = 0 of the lognormal distribution and are shifted
along the y axis for the sake of visibility. Note that the data qual-
itatively fit the lognormal distribution and that they give different
values for the o parameters of the lognormal distribution.

is far from perfect, Fig. 2 supports the use of a lognormal
model for resource heterogeneity in modeling our stylized
social—ecological system.

We utilize this distribution to investigate how resource het-
erogeneity affects the behavior of the model in comparison to
the frequently studied homogeneous case. We systematically
increase parameter ¢ of the lognormal distribution, which
can be interpreted as a resource heterogeneity parameter, and
study the resulting behavior of the model. This is done while
keeping the mean of C and, consequently, the cumulative
carrying capacity of all resource stocks constant — i.e., the
parameter y was adjusted according to u(o) = —o2/2, re-
sulting in a fixed value of one for the mean of C. Hence, we
only ask for the effect of different resource distributions and
keep the total amount of available resource stock constant.

For comparison we also present results for non-heavy-
tailed resource capacities

C=|C"P, C™ ~ N(C™™; pupr, op)

e
_O'/\/\/ZJT P 20/%/ 7

where u s now denotes the mean and os the standard de-
viation of the underlying normal distribution. We also keep
the mean fixed (uns = 1) and systematically increase the re-
source heterogeneity oz on comparable ranges of variances
for both — normal and lognormal — distributions. Since the

where
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normal distribution is not bounded to positive values, we use
the absolute value of the drawn random variable as the re-
source’s carrying capacity C.

2.3 Model parameterization and simulation protocol

A model run starts with an initial condition of stocks s;(0)
uniformly distributed between 0 and C; and harvesting strate-
gies S;(0) drawn with a probability of 0.5 for a sustainable
strategy S; =1 or a non-sustainable strategy S; = 0. From
the initial conditions, the model will converge to the steady
state at 7y, where no further updates of strategy can oc-
cur. This is the case because the social network will consist
solely of disconnected components with only one harvesting
strategy (including the case of one single component) (Wie-
dermann et al., 2015). The remaining model parameters are
the number of nodes N = 500, mean degree k = 20, imita-
tion tendency y = 1, and ecological growth rate g; =1 for
i =1,...N, which are kept fixed throughout the analysis. To
account for the stochasticity inherent in the model, we per-
form R = 250 runs for each parameter setting of interest. We
are interested in the fraction of sustainable harvesting nodes
at the steady state,

1 N
(SEIN.R :<NZSi(tf)>R’ 6)

i=1

averaged over all ensemble runs R. (S(¢7))n g is bounded
between one and zero, where (S(¢7))n g = 1(0) denotes a
completely (non-)sustainable regime.

3 Results and discussion

3.1 Social interaction timescale—homophily parameter
space

First, we study how the fraction of sustainable harvesting
nodes at the steady state (S(t7))n,g (Eq. 6) behaves in the
parameter subspace spanned by the rewiring probability ¢
(as a measure of the degree of homophily) and the average
social interaction timescale t for vanishing resource hetero-
geneity (o = 0.01) (Fig. 3a).

Four qualitatively different regimes can be observed: the
sustainable regime in blue, the non-sustainable or collapse
regime in red, and the transition regime in white between
these, as well as, for sufficiently large ¢, the network frag-
mentation regime. The latter occurs since for large ¢, social
dynamics are dominated by homophily and, hence, by the
process of social network rewiring, and thus negligibly few
changes in strategy occur. The steady state is reached by a
fragmentation of the network into at least one purely sustain-
able and at least one purely non-sustainable component of
comparable size.

In turn, for smaller ¢ the effect of homophily is suffi-
ciently weak such that most agents remain connected to a
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single component in the social network. The steady state is
reached with a large connected network component. Here,
large interaction timescales t lead to a sustainable regime.
This is because the comparisons of harvest rates typically
happen when the logistic resource has been harvested for a
sufficiently long time to reveal that the harvest rate converges
to a positive value for a sustainable strategy, whereas for a
non-sustainable strategy it converges to zero.

Our main focus lies on the emergent properties of our
model from a complex system’s perspective. Hence, we do
not claim that any quantitative choice of parameters is based
on real-world assumptions. Rather, we focus here on qual-
itative observations in terms of general parameter regimes
which in correspondence with the arbitrarily chosen eco-
logical timescale cause a certain differential outcome of
the model. However, in order to qualitatively compare our
model with some real-world observations, we first look at
the timescale of social updates . It has been suggested
than modern lifestyles are dominated by a social acceler-
ation (Rosa, 2013). Simultaneously, the pressure humanity
is putting on the planet (Steffen et al., 2004) has experi-
enced a great acceleration (Steffen et al., 2015a). This can
be interpreted such that faster social timescales t lead to
a non-sustainable regime, as observed in our model (see
Fig. 3). Viewed with caution, the mechanisms in our model
might be a possible explanation of this phenomenon. In any
case, it highlights the importance of well-interacting social
timescales with ecological ones. Since ecological timescales
(e.g., the seasonal cycle) are difficult to influence, this sug-
gests to take social timescales (e.g., election cycles, fashion
trends, product launches) into account for possible policy in-
terventions. Therefore, it might be worthwhile to study the
relationship between social and ecological timescales more
intensively to identify suitable policy actions for the benefit
of a sustainable system.

We furthermore observe a linear relationship between crit-
ical parameters ¢ and 7. where the transition between col-
lapse and sustainable regimes occurs (Fig. 3). This result can
be explained by the rate at which strategy changes happen.
For ¢ = 0, the transition occurs at 1/t & 1, i.e., the ecolog-
ical growth rate. For ¢ > 0, imitation interactions happen at
a rate (1 —¢)/t (Wiedermann et al., 2015) since the net-
work rewires with probability ¢ and, hence, imitation takes
place with probability 1 — ¢. Hence, the effective imitation
rate (1 —¢)/t equals approximately 1 (the ecological growth
rate) in the transition regime, which explains the linear de-
pendence between the two social parameters.

In other words, the homophily process in our model is
beneficial for reaching the sustainable regime, where all
agents harvest their resource gaining the maximum sustain-
able yield. All stochasticity and inherent shocks towards this
sustainable steady state are absorbed and not affecting the
final outcome. In this sense the sustainable regime can be de-
scribed as resilient. This aligns with the findings of Newig
et al. (2010), who (although from a different perspective)
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Figure 3. Social interaction timescale-homophily parameter space. Average fraction of sustainable harvesting agents in the steady state
depending on the social network rewiring probability ¢ (measuring the degree of homophily) and the social interaction timescale t for
four distinct levels of resource heterogeneity (a: o =0.01; b: 0 =0.6; ¢: 0 =0.9; d: o = 1.2). One observes four qualitatively different
regimes: (i) the sustainable regime for ¢ < 0.8 and sufficiently large (slow) 7 in blue, (ii) the non-sustainable or collapse regime for ¢ S 0.8
and sufficiently small (fast) t in red, and (iii) in between both the transition regime in white and (iv) the network fragmentation regime for

¢ 2 0.8, also in white.

hypothesize that homophily has a beneficial effect on the
resilience of a social-ecological network. Furthermore, one
can interpret a large homophily parameter ¢ as the agents’
means to protect themselves against the fast and free ex-
change of harvesting strategies. Along similar lines, it has
been found that individuals with more environmental con-
cerns also hold more protectionist policy preferences (Bech-
tel et al., 2012). Our model suggests one possible mechanism
for how these relationships might come into place. How-
ever, it needs to be stated that too high a rewiring probability
leads to a fragmentation of the social network into smaller
groups of disjoint strategies, preventing the opportunity of a
completely sustainable outcome. Thus, network adaptation at
very high rates should be avoided for the sake of knowledge
exchange and consensus formation.

Overall, these results demonstrate that immaterial pro-
cesses distinct from macroeconomic optimization paradigms
and residing exclusively in the social sphere, such as ho-
mophily and imitation, are capable of determining the even-
tual state of a material renewable resource. Thereby, these
processes are able to govern a coupled social-ecological
system such that full sustainability and total collapse are
possible outcomes within the investigated social parameter
space. Additionally, they show how the interaction of differ-
ent social processes such as strategy imitation and homophily
is able to shape the sustainable regime. This suggests that
socio-cultural processes should be considered as a potentially
important part of feedback loops also in more elaborate mod-
els of the “World—Earth” system.

3.2 Systematic analysis of resource heterogeneity

We next investigate how the transition between sustainable
and non-sustainable steady states depends on the parameter o
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governing resource heterogeneity. We observe a qualitatively
similar structure of parameter space for varying degrees of
resource heterogeneity, but observe a decreasing extent of the
non-sustainable regime for increasing o (Fig. 3a—d).

A more systematic analysis examines the average frac-
tion of sustainable harvesting nodes at the consensus state
(S(tr))n,r for several segments of the parameter space
spanned by 7, ¢ and the resource heterogeneity parameters o
(o) —i.e., results are shown for both lognormally and nor-
mally distributed resource carrying capacities (Fig. 4). The
ranges of o for the lognormal and o s for the normal distri-
bution are chosen such that they correspond to comparable
standard deviations.

This analysis allows for explicitly showing the effect of re-
source heterogeneity on the critical values t. (Fig. 4a, c) and
¢ (Fig. 4b, d), where the transition from the non-sustainable
to the sustainable regime occurs. In general, the larger the o
(on), the smaller the t. and ¢.. In other words, a sustainable
steady state can be achieved for faster social interactions and
smaller degrees of homophily the larger the resource hetero-

geneity is. The critical effective update timescale 7 /(1 —¢) .
Teff crit decreases to faster update times. This behavior is more
pronounced for the lognormal distribution (Fig. 4a, b) than
for the normal one (Fig. 4c, d) and can be explained by the
heavy tails of the lognormal distribution. For a sufficiently
large resource heterogeneity o there is a sufficiently high
probability that some agents will be assigned a comparably
large resource capacity. Non-sustainable harvesting agents
exploit their resources exponentially fast in time, whereas
sustainable harvesting agents with comparably large resource
capacity can retain their resource stock at a level that is still
sufficiently large to convince other agents to become sustain-
able as well.
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Figure 4. Effects of resource heterogeneity. Average fraction of sustainable harvesting nodes at the steady state for several segments of
parameter space: (a, b) for (heavy-tailed) lognormally distributed capacities and (¢, d) for (non-heavy-tailed) normally distributed capacities.
Parameter spaces spanned by (a, ¢) social interaction timescale T and resource heterogeneity o (opr) for rewiring probability ¢ = 0, and (b,
d) by ¢ and o (0p7) for T = 0.5. The ranges of o and o ns were chosen such that the standard deviations of both distributions are comparable.
For both distributions, the mean was fixed to 1. The dashed black lines indicate the linearly interpolated 50 % average fraction of sustainable
nodes. Note the considerable effect the lognormal resource capacity distribution (in comparison to the normal distribution) has on the critical
values of T and ¢, where the transition between the sustainable and the non-sustainable regime occurs.

At first, the observation that heterogeneity in access to pri-
vate resources is enlarging the sustainable regime might be
contradictory to reasonable assumptions. However, it demon-
strates the value of a thorough system’s analysis and being
critical about one’s own perception of what is reasonable.
Cautiously comparing this phenomenon with the real world
one can interpret the size of the resource capacity as the ef-
fective economic power of international macro-agents, such
as world regions or nation states. This is justified, since we do
not model any other economic processes but resource extrac-
tion — for example, trade, innovation and labor. The agents
with comparably large economic power that employ a sus-
tainable strategy have greater persuasive power than sustain-
able agents with smaller economic power. The German en-
ergy transition and its perceived impact on other countries
regarding the transition towards a sustainable energy supply
might be a real-world example where a country that is com-
parably strong economically also exerts comparably large
persuasive power over other countries to move forward to-
wards sustainable energy supply.

Overall, heterogeneity to resource access in our model
demonstrates how comparably few sustainable first movers
with a large resource capacity are also able to shift the over-
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all system toward a sustainable state at fast social interaction
rates.

4 Conclusions

In this paper, we have studied how social-ecological thresh-
olds between sustainable and non-sustainable resource-use
regimes depend on networked social interactions (related to
imitation of harvesting strategies and homophily) under con-
ditions of resource heterogeneity. We have employed a styl-
ized model of networked agents harvesting private renew-
able resources with either a sustainable or non-sustainable
strategy. The strategies employed by the agents are updated
through a social learning process on an adaptive social net-
work reflecting an interconnected society. Resource hetero-
geneity is operationalized by lognormally and normally dis-
tributed carrying capacities of the resources.

We have shown that the properties of social processes such
as strategy formation by bounded rational imitation and ho-
mophilic social network adaptation alone can precondition
the long-term state of renewable resources with outcomes
ranging from environmental collapse to sustainability. This
observation is important because it shows that following a
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purely economic rationale may lead to neglecting decisive
processes when modeling coupled social—ecological systems
and suggests that more sophisticated models of global cou-
pled human—environment systems need to consider socio-
cultural feedbacks as well. Furthermore, we have shown that
resource heterogeneities are important model ingredients that
must not be neglected, especially when resource distributions
possess heavy tails. This is relevant because our findings sug-
gest that accessible biophysical resources may indeed fol-
low heavy-tailed distributions, and therefore the resulting re-
source heterogeneities may also have significant effects in
more sophisticated modeling frameworks.

In the context of the ongoing debate on global change
(Steffen et al., 2004) and the Anthropocene (Crutzen, 2002;
Steffen et al., 2007, 2015a), such more advanced models
of planetary social-ecological systems (“World—Earth” mod-
els) are needed for developing a deeper understanding of
the dynamics and interrelations between planetary bound-
aries (Rockstrom et al., 2009; Steffen et al., 2015b) and so-
cial foundations (Raworth, 2012) for guiding humanity to a
desirable safe and just operating space. Overall, our study
highlights how socio-cultural (i.e., immaterial) dynamics and
interactions can have a profound qualitative effect on phys-
ical (i.e., material) states of the environment and, conse-
quently, that neither social processes nor resource hetero-
geneities should be neglected a priori in more sophisticated
modeling of the “World—Earth” system.

Code availability. The code of our model (named EXPLOIT) in
Cython, including a script to produce the results and related fig-
ures presented in this paper, is available at GitHub https://github.
com/wbarfuss/cyexploit. For illustrative purposes, a netlogo
version can be downloaded as well: https://github.com/wbarfuss/
netlogo-exploit.

Data availability. Biocapacity data were downloaded from http://
www.footprintnetwork.org/images/uploads/NFA_2010_Results.xls
on 14 October 2014. Forested land area data were downloaded
from http://faostat3.fao.org/download/R/RL/E on 24 Novem-
ber 2015. Water resources data were downloaded from http:
/Iwww.fao.org/nr/water/aquastat/data/query/index.html?lang=en on
25 November 2015.
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Abstract

The Anthropocene is characterized by close interdependencies between the natural Earth system
and the global human society, posing novel challenges to model development. Here we present a
conceptual model describing the long-term co-evolution of natural and socio-economic
subsystems of Earth. While the climate is represented via a global carbon cycle, we use economic
concepts to model socio-metabolic flows of biomass and fossil fuels between nature and society.
A well-being-dependent parametrization of fertility and mortality governs human population
dynamics.

Our analysis focuses on assessing possible asymptotic states of the Earth system for a
qualitative understanding of its complex dynamics rather than quantitative predictions. Low
dimension and simple equations enable a parameter-space analysis allowing us to identify
preconditions of several asymptotic states and hence fates of humanity and planet. These include
a sustainable co-evolution of nature and society, a global collapse and everlasting oscillations.

We consider different scenarios corresponding to different socio-cultural stages of human
history. The necessity of accounting for the human factor’ in Earth system models is highlighted
by the finding that carbon stocks during the past centuries evolved opposing to what would
‘naturally’ be expected on a planet without humans. The intensity of biomass use and the
contribution of ecosystem services to human well-being are found to be crucial determinants of
the asymptotic state in a (pre-industrial) biomass-only scenario without capital accumulation.
The capitalistic, fossil-based scenario reveals that trajectories with fundamentally different
asymptotic states might still be almost indistinguishable during even a centuries-long transient
phase. Given current human population levels, our study also supports the claim that besides
reducing the global demand for energy, only the extensive use of renewable energies may pave
the way into a sustainable future.

1. Introduction

The impacts humankind exerts on nature on a
planetary scale have become so grave that an entirely
new geological epoch—the Anthropocene—has been
proclaimed [1], characterized by strong nature-society
interrelations. Independent of whether the Anthro-
pocene indeed depicts a novel geological epoch or not

[2-5], predicting Earth’s future with models neces-
sitates recognizing the influences humans exert on it
and vice versa. This qualitatively new relation between
humans and nature poses a huge challenge for the
development of suitable models, demanding a
balanced representation of both the natural sphere
(ecosphere, ‘Earth’) and the human sphere (anthropo-
sphere, “‘World’) and a holistic system’s perspective

© 2017 IOP Publishing Ltd
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[6-9]. Many models of the natural Earth system (e.g.
general circulation models (GCMs) or Earth system
models of intermediate complexity (EMICs)) include
human impacts only as an exogenous driver, e.g. in the
form of emission scenarios [ 10]. Integrated assessment
models (IAMs) on the other hand try to simulate and/
or optimize the future economic evolution under
changing environmental conditions on multiple
decades [11]. However, only few modelling attempts
aim at a balanced representation of natural and socio-
economic dynamics on centennial to millennial time
scales [12—16]. Conceptual World-Earth models like
the one presented here try to fill this gap in the model
landscape and thereby contribute to modelling the
Anthrophocene.

Complementary to the development of useful
models of World-Earth dynamics stands the challenge
to identify a desirable condition of the World-Earth
system. The concept of Planetary Boundaries is a
major advance in this direction regarding the natural
dimension [17-19]. Tt states that during the holocene
several aggregate indicators of the Earth’s state stayed
within certain limits which define a kind of ‘safe
operating space’ to which humanity is adapted and
which should not be transgressed. Within the
framework of the ‘Oxfam doughnut’ these bounds
are supplemented by quantitative indicators of socio-
economic aspects of the world, called ‘social founda-
tions), which together are thus interpreted to define a
‘safe and just operating space’ [20], see also the
Sustainable Development Goals [21, 22]. The state
space topology and dilemmas resulting from such
boundaries can be analysed if the models are not too
complex [23]. Hence, while models with dozens of
state variables (e.g. World3 [13], GUMBO [14]) might
allow answering rather quantitative questions, they
preclude analytical analyses that provide a deeper
qualitative understanding of the World-Earth system.
Examples for rather simple, conceptual approaches
comprise the studies of local models of natural
resources co-evolving with social or population
dynamics [24-27], but also models which address
social stratification [15] and conceptual models on a
global scale [28, 29].

Our goal here is to contribute to the latter strand of
literature a simple conceptual model focussing on a
few globally aggregated quantities of the natural and
socio-economic subsystems that appear most essential
to assess the desirability of the system state in terms of
population, well-being, and biosphere integrity. As
well-being and biosphere integrity depend crucially on
climate and natural resource use, our World-Earth
model describes the temporal evolution of the global
carbon cycle, human population, and the competition
between the major energy sources, biomass and fossil
fuels, on centennial to millennial time-scales. A
particular objective of this study is to characterize
the possible asymptotic paths the world could have
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taken, and to identify model parameters crucial for
switching between these qualitatively different dy-
namic regimes. To be able to apply the necessary
techniques from dynamical systems theory, e.g.
bifurcation analysis, we keep the dimension low,
using only five dynamic variables, and the equations
simple.

Despite this simplicity, the model is capable of
qualitatively reflecting the actual dynamics seen
during different stages in human history, in
particular the Holocene and the Anthropocene.
For a pre-industrial society, for instance, our model
saturates at a stable global population of about
200 mn, similar to the actual global population in
medieval times. The model can also produce stable
cycles of population growth and decline similar to
the secular cycles studied by the literature reviewed in
[30]. However, while that strand of research finds
centennial, domestic cycles and explains them by
means of socio-cultural dynamics, we rather find
millenial, global cycles which are a consequence of
the carbon cycle with which population dynamics
interact. Thus our model can be interpreted as
adding a time-delay effect to Malthusian theory, as
requested in [30].

To be more precise, we combine a carbon cycle in
a novel way with well-being-driven population
dynamics and economic production based on energy
and accumulated capital. We model the global carbon
cycle similar to [31], thereby facilitating the study of
carbon-related planetary boundaries [32]. While
models of comparable complexity (e.g. World2
[33] or Wonderland [29]) employ rather simple
parametrizations of the economic output, our
approach is founded on well established concepts
from economic theory. In combination with a
suitable description of population dynamics we show
that without an anthroposphere component the
model behaviour would deviate drastically from
what is observed.

The paper is structured as follows: After introduc-
ing the full model in section 2, we analyse special cases
of growing complexity that roughly relate to different
eras in human history in section 3 before concluding
in section 4. The appendix contains details regarding
the derivation of the model, the estimation of its
parameters, its bifurcation analysis, and conditions for
phases of superexponential growth.

2. Model

Similar to [31], our conceptual model describes the
global carbon cycle via three carbon reservoirs—the
terrestrial (L, plants and soils), atmospheric (A), and
geological (G) carbon stocks, and describes the global
population and economy via just two additional
stocks, human population P and physical capital K

2
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Figure 1. Overview of the model structure with five state variables (colored boxes) and several derived variables (white boxes). Arrows
represent coupling processes between the variables. The left part represents the natural subsystem of the Earth (Ecosphere) via the
global carbon cycle, while the right part represents socio-economic entities related to human activities in the World (Anthroposphere).

(see figure 1). Their dynamics is governed by five
ordinary differential equations

i:(l()—lTT) A/EL—(ao+aTT)L—B7 (2.1)

A= —L+d(M— mA), (2.2)

G=—F, (2.3)
p_p(2WWe 4

P—P(Wz_l_W%p W)7 (2.4)

K = iY — kK. (2.5)
The derived quantities of maritime carbon stock M,
global mean temperature T, biomass use B, fossil fuel
use E economic production Y, and well-being Ware
governed by the algebraic equations

M=C"-L-A-QG, (2.6)
T=A/S, (2.7)
2 2/5
B= @%’ (2.8)
ep (apl? + apG*)*/5
2 2/5
F = EGZ(P—K)Z7 (2_9)
er (apl” + apG)i5
Y = yp(esB+ erF), (2.10)
1-1)Y L

See table 1 and appendix B for parameter meanings
and estimates on the basis of available real-world data.
The three terms in L represent temperature-dependent
photosynthesis (with atmospheric carbon fertiliza-
tion) and respiration, and biomass extraction. The
second term in A is diffusion at the oceans’ surface.
The terms in P represent well-being-dependent
fertility and mortality, where fertility reaches a
maximum of p at W = Wp and then declines again.
Finally, the terms in K are investment at a fixed savings
rate and capital depreciation. Temperature T is
assumed to relax instantaneously to its equilibrium
value depending on A, using a nonlinear temperature
scale so it is simply proportional to A. The
denominator in Band F represents substitution effects
in the energy sector. Economic production Y in the
remaining sectors is proportional to energy input.
Well-being W derives from per-capita consumption
and ecosystem services assumed proportional to L.
The latter comprise provisional (e.g. water, raw
materials), regulating (e.g. waste decomposition)
and cultural (e.g. recreational) services [34, 35].
appendix A contains a detailed motivation and
derivation of the model from physical and economic
principles.

3. Results

3.1. How recent centuries’ carbon cycle trends
oppose purely natural dynamics

We first consider the natural carbon cycle without
human interference by setting P = K = 0. Figure 2

Reproduced from: J. Nitzbon et al., Sustainability, collapse and oscillations in a simple World-Earth model, Environ. Res. Lett., vol. 12, no. 7, 2017,
doi: 10.1088/1748-9326/aa7581. Published under Creative Commons Attribution License 3.0 (CC BY).


https://doi.org/10.1088/1748-9326/aa7581

CONCEPTUAL FOUNDATIONS AND MAKING THE CASE

10P Publishing

Environ. Res. Lett. 12 (2017) 074020

P Letters
Table 1. Overview of the model parameters, their physical dimensions and the best estimate based on real-world data.
Symbol Description Unit (H = humans) Estimate
3 available Earth surface area km? 1.5-10%
c* total available carbon stock GtC 5500
ay respiration baseline coefficient a! 0.0298
ar respiration sensitivity to temperature km? a™' GtC™! 3200
Iy photosynthesis baseline coefficient km a™' GtC™'"? 26.4
I photosynthesis sensitivity to temperature km® a~! GtC—3/2 1.1-10°
d diffusion rate a”! 0.01
m solubility coefficient 1 1.5
p fertility maximum a”! 0.04
Wp fertility saturation well-being $a ! H! 2000
q mortality baseline coefficient $a? H! 20
i investment ratio 1 0.25
k capital depreciation rate a”! 0.1
ag biomass sector productivity GPPa®GtC2$ 2 H? varied
ar fossil fuel sector productivity GPPa®GtC2$2H? varied
ep biomass energy density GJ GtC™! 410"
er fossil fuel energy density GJ GtC™! 410"
Ve economic output per energy input $ Gt 147
wir well-being sensitivity to land carbon $ km? GtC™! a”! H™! varied
Cy total pre-industrial carbon stock GtC 4000
b biomass harvesting rate GtC¥/% a=! H3/° 541077
Vs economic output per biomass input $ GtC™! 2.47-10" (varied)
are normalized by the pre-industrial carbon amount of
1.0 the (short-term) carbon cycle, Cy,.
= = diffusion equilibrium (M=mA) PPN D I .
s,
ly, ® stable equilibrium ~ Equilibrium  states (.)f the sys.tem require
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Figure 2. State space representation of the purely natural
carbon cycle dynamics given by equations (2.1) and (2.2) and
setting P = K = 0. Grey arrows show the direction of the
system’s evolution, thicker lines correspond to faster flow. On
the black dashed line diffusion is in equilibrium. There are
three equilibria of which the ‘desert’ state at Lp = 0 and the
‘forest” state at Lp & 0.72Cp; are stable. The red arrow reflects
the actual evolution of the carbon pools from pre-industrial
times until today. It opposes the natural direction of the flow,
indicating the necessity of incorporating human activities into
Earth system models. The upper right corner is not part of the
state space due to the mass constraint L+ A < Cp.
Parameters are set to the default values given in table 1.

shows the state space of the remaining two-
dimensional system given by terrestrial (L) and
atmospheric (A) carbon stocks. As G=0, the
geological carbon stock G is ignored and L and A

vanishes (M = mA). Solving (2.1) using the parame-
ter values from table 1 gives three equilibria: (i) a stable
desert state located at Lj, = 0, (ii) an intermediate
unstable equilibrium at L ~#0.54 Cp;, and (iii) a
stable forest state at Lj; ~ 0.72 Cj,. Hence, our carbon
cycle component features bistability between a
desirable (forest) and an undesirable (desert) state,
to one of which the system will converge, depending
on initial conditions.

The forest equilibrium represents the Holocene
carbon cycle until pre-industrial times, neglecting
changes in external solar forcing. During this period
the exchange of carbon between the terrestrial,
maritime, and atmospheric reservoirs were roughly
in balance [36]. The temporal permanence during the
Holocene is reflected in the model by the forest
equilibrium’s stability. The model will return to the
forest state after small perturbations which might for
instance occur via Volcanic eruptions or other (small)
external forcing.

In contrast, the affection of the carbon cycle
through human activities like land use (change) and
GHG emissions constitutes a large perturbation of its
natural dynamics. To illustrate this, the red arrow
depicted in figure 2 points from the pre-industrial to
the current state, far from the forest state and already
in the basin of attraction of the desert state.

4
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Hence, this simplistic model suggests that the
carbon cycle might already be in a regime where it
would collapse in the future even without further
human influence. On the other hand, the model does
not reproduce well the actual past evolution of the
carbon cycle since the advent of the industrialization,
which clearly opposes the shown ‘natural’ direction of
the flow. For a more reliable analysis, it is thus
necessary to explicitly include the human factor into
our model, as demanded by [6].°

3.2. How oscillations may emerge in a non-fossil,
pre-capitalistic global society

We thus add a dynamic human population B
interfering with the biosphere. Its only energy source
is biomass, no fossil fuels (ap = 0) are used yet. The
global society in this scenario is assumed not to
accumulate physical capital but to operate with a
constant amount of capital per capita (K«P).
Introducing the new parameters b and yp, the
expressions for B (2.8) and Y (2.10) read

By = bI3PE, (3.1)
Yer = ypBpr. (3.2)

In order to reduce the dimension of the model system
without altering the qualitative (asymptotic) behav-
iour, the diffusion equilibrium is assumed to establish
instantaneously (d — o0), implying fixed relations
between the carbon stocks, A= (Cp; — L)/(1 + m)
and M = mA. We thus get a two-dimensional system
with just L and P as dynamical variables.

In this pre-industrial scenario one can ask what
will ultimately happen to a global society which solely
harvests biomass. The answer strongly depends on
the choice of the parameters. Consider an initial
situation with Py = 500000 on a forested planet
(Ly = 0.72Cy; = 2880 GtC); furthermore all param-
eters are set to the default values (see table 1) and
ecosystem services are neglected (wy = 0) (figure 3,
upper right panel). Due to the abundance of resources,
the population initially prospers and grows (exponen-
tially) fast. Biomass use also increases but slower than
population (equation (3.1)), so that well-being
decreases as a consequence (equation 2.11); this in
turn lets the population growth rate decrease. After
about 600 years a maximum population of about one
billion humans is reached while the terrestrial carbon
stock is considerably lower than initially. Despite the
following decrease in population, the pressure on
the ecosphere by humans pushes the carbon cycle into
the basin of attraction of the (undesirable) desert
state and an unpopulated planet prevails after about

¢ Note that the subsequent analyses focus on the parametrization of
the socio-economic model components while the in-depth study
and advancement of its natural component (e.g. representation of
the global water cycle) is not within the scope of this study.
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1200 years. When regarding the state space of the system
(figure 3, upper left panel) it becomes clear why this
collapse was inevitable. There simply is no coexistence
equilibrium with L > 0 and P > 0, and even the two
unpopulated forest equilibria with L > 0 and P = O are
unstable (one in the L-, the other in the P-direction) so
that only the desert state equilibriumat L = P = O isan
attractor. Hence independent of the initial conditions
the system will ultimately evolve to the desert state.

While such collapse has been observed historically
for local agricultural civilizations [24], a global
collapse of the terrestrial ecosystems did not occur
so far. For slightly altered parameter values, an
evolution of the model system occurs which matches
the historic one better, until the onset of the
industrialization. However, if the value of y; (whose
estimate has a high uncertainty) is halved, a sustained
coexistence between the terrestrial ecosystems and the
human population becomes possible (figure 3 middle
panels). In addition to the three equilibria at the P-axis
(P=0), there exist two equilibria with L > 0 and
P > 0 of which one is stable. Starting from the same
initial state as above the system initially behaves
similar, but the population rise is less extreme and
humans exert less pressure on the terrestrial carbon
stock. After about 400 years an equilibrium with
constant carbon stocks, population and well-being is
reached. The asymptotic population of about 200 mn
compares nicely with actual estimates of the global
population in medieval times [37], for which the non-
fossil, pre-capitalistic model scenario seems adequate.
A long period of stagnating socio-economic observ-
ables is also in line with the Malthusian population
model [38].

Like Malthus, we identified well-being (which
determines fertility and mortality, see (2.4)) with per-
capita consumption so far. It is, however, reasonable to
assume that the integrity of nature also contributes to
human well-being via ecosystem services (e.g. the
provision of forage to hunter-gatherer communities).
Hence we consider a third setting in which well-being
is dominated by ecosystem services by choosing
wy, > 0 and a low value for y, (figure 3, lower panels).
The phase portrait qualitatively differs from both
previous cases as it features an attracting limit-cycle
but no stable coexistence equilibrium. Hence there are
trajectories—such as the shown one—which are
characterized by sustained oscillations of all variables.
As before, population rises until it reaches a maximum
of about 500 mn humans after about 1500 years. The
growing biomass consumption is accompanied by
decreasing well-being and—with a short delay—
decreasing population. P declines until it reaches a
minimum after another approximately 800 years, now
taking pressure from the terrestrial carbon stock,
which is thus able to recover. This in turn directly
increases well-being via the contribution of ecosystem
services, allowing population to recover as well. These
feedbacks lead to oscillations with a period of about
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Figure 3. State space representations (left) and exemplary trajectories (right) of the non-fossil, pre-capitalistic model scenario for
parameter choices giving rise to qualitatively different asymptotics of the system. In the upper panels the desert state is the only
attractor, so that the population overuses natural resources and experiences a global collapse. For a lower economic productivity,
shown in the middle panel, the system allows a sustainable coexistence between humans and nature, reflected by the additional
attracting equilibrium in the state space. If ecosystem services are considered, an attracting limit cycle can emerge, implying sustained
oscillations in all variables with a period of about 2000 years. Note the different scale of the time axis in the lower panel.

All parameters but the following are set to the default values from table 1; upper panel: y, = 2.47-10"' $ GtC™', w = 0; middle panel:
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2000 years. Qualitatively, the observed patterns are
very similar to those described in classical models of
predator-prey ecosystems [39]. In contrast to the
latter, however, our model is still multistable in this
regime since the ‘desert’ equilibrium is still also stable
due to the functional forms for fertility and economic
production. Other models of human-nature coevolu-
tion feature oscillations [15, 24, 28] which may be
sustained or dampened but typically have shorter
periods. The same is true for models of secular cycles
[30, 40-42] which describe the emergence of
oscillatory patterns due to internal socio-economic
mechanisms of states or world regions.

The presented parameter settings and trajectories
are of course just exemplary and hence their
quantitative implications should not be overrated.
There are also intermediate cases for which dampened
oscillations occur, not shown here since the asymptotic
states are unchanged.

The qualitative changes of the asymptotic behav-
iour of the system under variation of parameters can
be analysed mathematically using bifurcation theory
[43]. A more rigorous study reveals that there are
indeed five different regimes in the (yp, w;,) parameter
space, with qualitatively different asymptotic states.
However, there are only three different regimes
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Figure 4. Bifurcation diagram in the (y,, w;) parameter
space, showing five qualitatively different dynamic regimes.
While within the two greenish regimes a sustainable (stable)
coexistence of nature and society is possible for some initial
conditions, both will collapse in the two reddish parameter
regimes. Only the very small regime indicated in yellow
features sustained oscillations in the dynamic variables.
Borders between the regimes correspond to different local or
global bifurcation curves. For details and differences within
the greenish and reddish regimes, see appendix C.

(sustainability, collapse, oscillations) for which there
are different attracting asymptotic states, as discussed
above. The bifurcation diagram is shown in figure 4,
the full bifurcation analysis is in appendix C.

3.3. Possible collapse of a fossil-based, capitalistic
global society
We finally consider a scenario which extends the
previous one in two ways. First, in addition to biomass
use (B) now also fossil fuel extraction (F) from the
geological pool G is enabled, where the relative shares
of the two energy sources is determined by a price
equilibrium. Second, physical capital Kis now a stock
variable with a standard growth dynamics decoupled
from population growth. Altogether, this scenario
applies to the era since the onset of the industrializa-
tion until recent times during which biomass and fossil
fuels are the dominant energy sources and physical
capital became a major factor of production.
Moreover, we drop the assumption of the diffusion
equilibrium from the previous scenario, giving a less
stylized and more realistic representation of the global
carbon cycle. Thus we have the full five-dimensional
dynamical system (L, A, G, B K) given by (2.1) to (2.5).
The availability of two different energy forms gives
rise to the following question which connects closely
to the introductory question of the previous section:
What is the ultimate fate of the human population for
different usage patterns of biomass and fossil fuels?
The proneness to use a certain form of energy is
determined by various factors (see (2.8), (2.9)). It
increases with the size of the associated stock variable
(L for biomass, G for fossil fuels) and with the
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respective productivities (ap, ap), but decreases
because of substitution effects the cheaper the other
energy form is. While the stock sizes L and G are
prescribed by the natural Earth system, ap and ar are
rather abstract economical parameters which are hard
to estimate from real-world data. The choice of their
absolute and relative values hence facilitates an
investigation of different energy usage scenarios.
The oscillatory asymptotic regime discussed in section
3.2 emerged when well-being was dominated by
ecosystem services. For the industrial societies
considered here we assume that well-being is
dominated by per-capita consumption (see the upper
part in figure 4). In this part of the parameter space a
variation of wy has the same qualitative effect on the
asymptotics as a variation of the economic productiv-
ity via yp or ap respectively. For simplicity we
subsequently choose wy = 0.

To isolate the effect of emissions caused by fossil
fuels, we regard a reference setting in which biomass use
is disabled (ag = 0) and the fossil fuel sector productiv-
ity is set to a value for which the extraction speed of fossils
roughly coincides with observed values over the past
250 years (ap = 24.9 GJ°a™ GtC™> $72 H2). The
abundance of resources causes population and
physical capital to grow fast initially until they reach
a maximum after about 300 years (figure 5, upper
panel). After this initial boom, well-being saturates,
then both P and K slowly decrease and the economic
production Y is reduced accordingly. This slow
perishing of the economy and population is due to
the dependence on fossil fuels from the non-
renewable geological carbon stock G. After 2000
years the population is close to extinction and fossil
fuels are almost depleted. Notably, for this choice of
parameters, the emissions of fossil carbon only lead to
a slight increase of the atmospheric carbon content
(and the associated global mean temperature), while
most of the carbon is captured in biomass and soils.
Also for other values of af, a collapse of the terrestrial
system to a desert state due to emissions of fossil fuels
is not observable in the model. However, the fate of a
population in this purely fossil-based scenario is slow
extinction on a well-forested planet, but now with an
almost unchanged level of well-being until the end.

Obviously, this scenario is not very realistic since
humans would certainly start to (and historically
always did) harvest biomass in order to satisfy their
need for energy. By choosing a rather low biomass
sector productivity of ag = 0.05 ag the initial share of
biomass in total energy use amount to about 15%
(figure 5, middle panel). The behaviour of the system
during the first 500 years of simulation time is very
similar to the reference setting with the only difference
that, due to the additional use of biomass, B K and
thus Y reach higher absolute levels. Due to the
depletion of the geological carbon stock and the
increase in terrestrial carbon, the share of biomass is
constantly increasing and overtakes the fossil share

7

Reproduced from: J. Nitzbon et al., Sustainability, collapse and oscillations in a simple World-Earth model, Environ. Res. Lett., vol. 12, no. 7, 2017,
doi: 10.1088/1748-9326/aa7581. Published under Creative Commons Attribution License 3.0 (CC BY).


https://doi.org/10.1088/1748-9326/aa7581

CONCEPTUAL FOUNDATIONS AND MAKING THE CASE

10P Publishing

Environ. Res. Lett. 12 (2017) 074020

W Letters

o

o

1000
t [years]

500 1000
t [years]

500 1000
t [years]

Figure 5. Exemplary trajectories of the fossil-based, capitalistic model scenario for different usage of biomass and fossil fuels reflected
by different combinations of the sector productivities ag and ag. In the fossil-only reference setting (upper panel) the global will go
extinct after several millennia with the depletion of the geological carbon stock while the emitted carbon is mainly stored in the
terrestrial stock. Moderate usage of biomass allows a sustained coexistence of humans and nature in the long run (middle panel) but
fossil resources will still be completely depleted. When humans exert too much pressure on the terrestrial system through biomass use
(land use) these can ultimately collapse, thereby ruining the preconditions for life on Earth (lower panel). The socio-economic
development is indistinguishable in the scenarios with enabled biomass use until about 800 years of simulation time. Only changing
the continued changes in the natural subsystem of Earth indicate the prolonged transient towards an undesirable desert state.
All parameters but the following are set to the default values from table 1; upper panel: ap = 24.9 GJ°a™® GtC 2 $7> H2, ag = ;
middle panel: ap = 24.9 GJ’a™> GtC2$ >H 2, a3 = 1.25 GJ°a> GtC 2 $ *H
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after about 500 years. In contrast to the previous
setting the global society has an alternative to fossil
fuels and is not doomed to go extinct. Instead, the
population decrease slows down and a sustained
coexistence between humans and nature emerges.
Note that humans still continue to use fossil fuels
until ultimately the geological carbon stock is
completely depleted, which follows from the eco-
nomical model of the energy sector (F = 0 neces-

sitates G =0 as long as P,K > 0, see (2.9)). An
abandoning of fossil fuel use can thus not be achieved
by the economic forces assumed in the model; instead
this would necessitate other economical mechanisms,
e.g. banning or taxing of fossils through policies. In
the asymptotic state about 10 bn humans inhabit
Earth, the average per-capita capital amounts to
about 2500 $ which we regard as realistic orders of
magnitude.
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So can we conclude that biomass use can save
humankind when fossils are abandoned for whatever
reason? This must clearly be denied as our last
parameter setting shows, in which assume a larger
biomass sector productivity (ag = 0.1125 ap). Now
biomass initially makes up about a third of the total
energy used and becomes the dominant form of
energy after about 350 years. Again the socio-
economic observables (B K, Y) behave qualitatively
very similar to the previous settings (fast increase to a
maximum, followed by slowing decrease) until about
800 years of simulation time. About this time their
speed of decrease accelerates again and they drop to
very low values within about 200 years. This
breakdown of the socio-economic system is caused
by overuse of natural resources which triggered a
collapse of the biosphere (represented by the terrestrial
carbon stock L) to the desert state, just as observed in
the non-fossil, pre-capitalistic scenario discussed in
section 3.2. After the collapse humans can only
‘survive’ until the remaining fossil fuel resources are
completely depleted, so that ultimately, an unpopu-
lated desert planet prevails. This is, of course, not
realistic for several reasons: the life-enabling capacity
of the biosphere (e.g. through oxygen production) is
not accounted for and renewable energy is not
available in the model. We thus learn that the intensity
of biomass and land use, reflected by the parameter ag
are of crucial importance for a sustainable global
coevolution of humans and nature which should
always be considered besides the necessity for reducing
emissions from fossil fuels. While the parameter value
is fixed in the model simulation, in reality, the socio-
economic conditions it reflects can be subject to
change, e.g. through policy instruments.

It should be pointed out that the collapse of the
system in the third setting could not have been
predicted by looking solely at socio-economic
observables, as these evolve analogously in the
previous settings for roughly the first 800 years of
simulation time. Merely the changing environmental
conditions, as indicated by the continued increase in
global mean temperature and decrease of the
vegetation from year 300 to 800, qualitatively
differentiate this setting from the previous ones and
thus hint at the fact that the system actually undergoes
a long transient period towards an undesirable final
state. Note that we do not even need to model direct
climate damages on, say, mortality and capital
depreciation, to cause the extinction.

A second question posed by the industrialization
scenario is: What is the effect of the dynamic physical
capital stock K, compared to the non-capitalistic
societies discussed above? For all regarded parameter
settings population and capital evolve alike, meaning
a constant capital per capita just as it was assumed in
the previous, non-capitalistic scenario. This observa-
tion can be explained with the rate of capital
depreciation (k) which is comparable to the
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reproduction rates of humans. A considerably lower
depreciation rate would instead introduce a time lag
between the trajectories of P and K. The estimated
parameters, however, indicate rather short time scales
for the changes of the factors of production,
compared to the rather slow evolution of the carbon
stocks (apart from collapses).

4. Conclusions

We presented a flexible conceptual World-Earth model
which is—through an appropriate choice of variables
and parameters—able to qualitatively represent the
global coevolutionary dynamics of humans and nature
for different socio-cultural stages of human history on
Earth, particularly during the Holocence and Anthro-
pocene epochs. The actual evolution of global carbon
stocks was found to oppose the dynamics to be
expected from the topology of the natural carbon
cycle, which is mainly due to human interference with
natural dynamics through land use (change) and
emissions of carbon into the atmosphere. Due to
various nonlinearities in natural and social dynamics,
an accurate description of the mid and long-term
evolution of the Earth system thus necessitates an
explicit modelling of the ‘human factor’ with a
balanced representation of natural and socio-econom-
ic subsystems. Our conceptual model (framework)
thus contributes to the challenge of ‘Modelling the
Anthropocene’

For each model scenario we identified the
characteristics of possible asymptotic states of the
system which comprise a sustainable coexistence of
humans and nature, a collapse of both natural and
socio-economic subsystems and even persistent
oscillatory dynamics with multi-millennial periods.
By systematic variation of those parameters whose
estimates from real-world data are particularly
uncertain, we found the preconditions of the different
asymptotic patterns. It is especially those parameters
related to the appraisal (w;) or the intensity of use (yp,
ap) of the biosphere, which make a crucial difference
for the fate of the planet and humankind.

The overall picture of our results supports the
insight that neither fossil fuels nor biomass use are
likely to facilitate a sustainable coexistence of several
billion humans on a planet with limited natural
resources. We conclude that besides reducing the
global demand for energy, merely the extensive use of
renewable energy forms may pave the way into a
sustainable future of a well-developed global society.
Extending the current framework by enabling the use
of renewables is thus a priority for the future model
development.

In our model analysis we focussed mainly on
understanding the asymptotic behaviour of the
coevolutionary Earth system and hence regarded
rather long time scales of several centuries to
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millennia. A lot of interesting dynamics like growth
phases or collapses, can, however, happen on quite
short time scales from decades to centuries. These
transient phases could reveal interesting insights,
particularly regarding the evolution of the socio-
economic subsystem of the Earth. We believe that
historically observed phenomena like the ‘Great
Acceleration’ [44] could, in principle, be reproduced
with our model, given appropriate parameter values
and initial conditions. To show this, in appendix D we
derive conditions under which the socio-economic
observables of the model (K, Y, P) feature super-
exponentially fast growth. An interesting extension
would be to replace the global society of our model by
a number of interacting regional societies. One could
then also add socio-cultural model components
describing warfare, internal conflicts, or the level of
social and political order ([30]) and thus study the
interaction between slower global cycles and faster
domestic cycles.

Beyond the implications for global sustainability
our simple model studies emphasize the subtleties
resulting from the nonlinear characteristics of the
Earth system, e.g. depicted by very long-lasting
transients towards undesirable attractors. Realizing
that such dynamical features can even emerge in
simple conceptual models like the presented ones,
should raise the awareness and caution also for the
analysis of more comprehensive models of the Earth
system.
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Appendix A: Derivation of the model

Variables

The two main variables of interest for this model are
human well-being W (representing the most impor-
tant aspect of the anthroposphere or socio-economic
subsystem of Earth) and terrestrial carbon stock L
(representing the most important aspect of the
ecosphere or biophysical subsystem of Earth). We try
to restrict the model to those further variables and
processes that seem indispensable in order to assess
the qualitative features of the possible coevolutionary
pathways of L and Won a time-scale of hundreds to
thousands of years, hence we include the following
quantities needed to represent a carbon cycle and
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resource-dependent  economic

growth:

and population

e Time ¢ [standard unit: years, a].

o Terrestrial (‘land’) carbon stock L € [0, C*] [GtC]
(including soil and plants).

o Atmospheric carbon stock A € [0, C*] [gigatons
carbon, GtCJ.

o Accessible geological carbon stock (serving as
fossil fuel reserves) G € [0, C*] [GtC].

e Maritime carbon stock M = C*—A—-G—-L €
[0, C*] [GtC] (including only the upper part of
the oceans which exchanges carbon comparatively
fast with air).

e Human population stock P > 0 [number of
humans, HJ.

e Physical capital stock K > 0 [time-independent
(e.g. 2011) US dollars, $].

e Global mean surface air temperature T > 0
(representing ‘climate’), measured not in Kelvin
but for simplicity in ‘carbon-equivalent degrees’
[Ced = GtC], using an atmospheric carbon-equiv-
alent scale. i.e. T=x Ced is the equilibrium
temperature of an atmosphere containing x GtC).

e Biomass extraction flow B > 0 [GtC/a] and
biomass energy flow Eg > 0 [GJ/a].

e Fossil carbon extraction flow F > 0 [GtC/a] and
fossil energy flow Er > 0 [GJ/a].

e Total energy input flow E > 0 [GJ/a].
e Economic output flow Y > 0 [$/a].
e Investment flow I > 0 [$/a].

e Well-being W in per-capita consumption-equiva-
lent units [$/a H] (including economic welfare
and environmental effects, e.g. health and ecosys-
tem services).

We follow the predominant economic convention
of measuring capital, production, and consumption in
monetary units. A, B, E, E G, I, K, L, M, B Yare
extensive quantities in the sense that the would double
if the Earth System was replaced by two identical
copies of itself, while Tand Ware intensive quantities
which would not double. The only conserved quantity
in the model is carbon, as expressed by the equation
A+G+L+M = C".

Processes, generic interaction terms and equations
The following processes and dependencies are
considered to be the main drivers of the carbon cycle,
economic and population growth:

e Ocean to air diffusion f 4 (A, M) [GtC/a] (ignor-
ing pressure and temperature dependency).
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o Greenhouse effect on temperature’ T = T(A)
[GtC] (ignoring other GHG).
e Land to air respiration f

resp,(
(ignoring other dependencies).

L,T) > 0 [GtCla]

e Photosynthesis fphomsl(A, L, T) > 0 [GtC/a] (ig-
noring nitrogen and other dependencies).

e Biomass extraction B= B(G,K,L,P) > 0 and
combustion Ep = Ep(B) (ignoring other econom-
ic dependencies, and afforestation, carbon storage
and other policy dependencies, and assuming
almost all extracted land carbon ends up in the
atmosphere after a negligible time; ignoring
carbon stored in human bodies and physical
capital).

Fossil fuel extraction F = F(G,K,L,P) > 0 and
combustion Ep = Ep(G).

Total energy usage from these energy sources
E = Ep+ Ep.

e Economic production of output Y = Y(E, K, P)
(assuming the two energy sources are perfect
substitutes).

e Capital growth through investment I = iY.

Capital depreciation f .. (K) > 0 [$/a].

e Consumption of all non-invested economic output
and emergence of well-being W = W(L, P, Y).

e Population fertility and mortality fp. jmor. (W)
[1/a].

This leads to the following generic equations:
dL/dt = fiporos. (A L T) = freg (L, T) = B, (A1)
dA/dt = —dL/dt + F + f 45 (A, M), (A2)
dG/dt = —F, (A3)

dK/dt =iY - fdeprec,(K)7 (A4)

dP/dt = (ffcrt 7fmort.)(W)P (AS)

with
T = T(A), (A.6)
B=B(G,K,L,P), (A7)
F = F(G,K,L,P), (A.8)
E = Eg(B) + Ex(F) (A.9)
Y = Y(E,K, P), (A.10)
W = W(L,P,Y). (A.11)

7 A model version in which T is a state variable with a transient
response to atmospheric carbon A has been studied. As it reveals the
same asymptotic behaviour and the estimated timescale of the
response is rather fast, we assume for this study the greenhouse
effect to be instantaneous.
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Choice of functional forms

Since our aim is a mainly qualitative analysis rather
than quantitative prediction, we aim at choosing
simple functional forms that fulfil at least the following
qualitative properties:

o fq Is increasing in M and decreasing in A.
e Tis increasing in A.

® fresp. 1s roughly proportional to L and is increas-
ing but concave in T (over the range of temper-
atures experienced in the holocene).

® fohotos. 1 Toughly proportional to L, is increasing
and concave in A (due to diminishing marginal
crabon fertilization), and is decreasing in T (over
the range of temperatures experienced in the
holocene).

® feprec. is roughly proportional in K.

® fr 1s zero for vanishing W, grows roughly
proportionally with W for small values of W
(representing basic nutritional needs for repro-
duction as in ecological models), grows more
concavely when W grows further until W reaches
some value Wp > 0 (representing saturation of
fertility due to biological limits) and finally
declines again towards zero when W grows even
further (due to education- and social security-
related effects).

® foon is infinite for vanishing W and declines
towards zero with growing W.

Eg,Er > 0 are roughly proportional to B or E
respectively.

e B is increasing in K, L due to lower costs,
increasing in P due to higher demand, and
convexly decreasing in G due to substitution by
fossil fuel. Analogously, F is increasing in G, K, P
and convexly decreasing in L.

e Yis increasing and concave in all of E, K, P

We fulfil most of these by the following simple
choices:

® faig (A, M) = d(M — mA).

e T=A/% (T is measured in carbon-equivalent
degrees and an intensive quantity).

® fphotos.(A1 L T) = (l() - lTT) A/ELS
b frespA(Lv T) = (a() + llTT)L.
® fdeprec,(K) = kK.

% The exponent 1/2 for A in the fertilization term is larger but
simpler than the choice of 0.3 in [31].
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e W(L,P,Y)=(1—14)Y/P+ wrL with ecosystem
services coefficient wy.

o frn (W) =2pWpW /(W3 + W?) with a maxi-
mum fertility of p > 0 reached at the saturation
well-being level Wp > 0.

® frmor (W) = q/W  with
q>0.

mortality  coefficient

e Eg = egB and Er = egF with combustion effi-
ciencies eg, ep > 0.

The formulae for B, F,Y are derived from the
following economic submodel.

Two-sector economic submodel
We assume the global economy produces output using
a global production function

Y =f(P,K,L,G),

using P as a source of labour and L, G as sources of
energy. In the full model, we assume larger population
numbers lead to increasing globalization with overall
positive effects on productivity, hence we will aim
at choosing an f that has increasing returns to scale,
ie. f(aP,aK,aL,aG) > af(P,K,L,G) for all a > 1.
In the reduced model for pre-capitalistic societies,
we will keep the more traditional assumption of
constant returns to scale, ie. f(aP,aK,aL,aG) =
af(P,K,L,G) for all a > 1. This will influence our
choice of elasticities (see below). In order to be able to
model substitution effects between the two different
resource use flows Band E we need to distinguish the
energy sector(s) from the rest of the economy (which
we call the “final’ sector). A quite general modelling
approach for doing this is to assume nested
production functions

Y :f(P7KaL7 G) :fY(PY7KY7EB7EF)7
EB :fB(PB7KB7L)ﬂ

EF :fF(pF7KF7 G)

and determine the unknown labour and capital shares
P, K by some form of social optimization or market
mechanism. Since this will in general lead to quite
complicated expressions for Y, Ep, Er, we make a
number of strong simplifying and symmetry assump-
tions here in order to get manageably simple formulae.

To reduce the number of independent factors in f,
we treat the two energy forms as perfect substitutes, so
that Y = f,(Py,Ky,E) with total energy input
E = Eg+ Ep. Since energy is generally considered
an input that cannot be substituted well by other
factors, the natural candidate to model the dependen-
cy of Yon E is not a CES production function but
either a Cobb-Douglas or a Leontieff production
function. We choose the simpler, a Leontieff form,
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which amounts to prescribing a fixed ratio of energy
need per output that is independent of the other
factors:

Y =y, min{E, g,(Ky, Py)},

where y; > 0 is an energy productivity factor (the
inverse of the final sector’s energy intensity). We
assume the standard Cobb-Douglas form for the
relative substitutability of labour and capital:

gy(Ky, Py) = byKy' Py¥

with productivity by > 0 and elasticities 0 < ky,
my < 1. In each of the two forms of energy, we also
assume the Cobb-Douglas form,

Ep = bpK' P PRI,

EF = bFK’;FP;F Gy,

with sectoral productivities bg, bp > 0 and further
elasticities k., 7., 4, y.

Although the simplest assumption about the
allocation of labour and capital to the three production
processes fy, f 5, f would be to assume fixed shares,
this would ignore the strong incentive to allocate the
resources to the production of the more productive
energy form, and to allocate the more resources to
energy production the more productive the energy
sector is compared to the final sector. The next-best
simple assumption is a social planner perspective that
allocates resources so as to maximize final output Y.
We prefer this to the alternative view of a competitive
allocation via factor markets for two reasons: (i) the
latter view is more closely tied to the assumption of a
specific economic system, which is less plausible for
the long time horizons we aim at, and (ii) if markets
are approximately perfect, they would lead to
maximizing final output anyway.

To get this solution, we first assume the energy
sector’s inputs Kg, Pg were known and solve the intra-
energy-sector allocation problem via the first-order
conditions

under the constraints
Kp+ Kr+ Kr = Kg, Pg + Pr + Pr = Pg.

It turns out that this only leads to sufficiently simple
expressions if we assume that the labour elasticities
7, wr of the two energy forms are equal, and similarly
for capital, hence we put kgr = kg and npr = 7g
and get

Kp = XpKg/Xp, Kr = XpKg/ X5,
Pp = XpPg/Xg, Pr = XpPg/Xp,

Ep = XpZg, Er = XpZg,
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where
Xp = bFL**, Xf = byE G*F,
Xg = Xp+ Xp,
ZE _ K’EEPZE/XzE+”E7
o = 1/(1 *KE*HE).
Given Kg, Pg, we thus have
E=XpZp = KEPTEXYE,

Since neither the energy nor the final sector are to have
idle resources, we must also have

E= gY(Ky,Py) = byK';YPgY.

An optimal allocation between energy and final sector
then requires that no ‘trade’ in capital or labour is
profitable beween the two sectors, which in view of the
constraint E = g, leads to the additional equation

dgy /9Ky _ dgy /0Py
9E/oKy  OE/dPg

ie.

kvgy/Ky _mygy/Py

KEE/KE o JTEE/PE

which implies

kyKg myPg
keKy mwgPy

To find B, we solve

0=E—-gy
BiceKy\ " E (BrePy\™ _i/a
:sz Ty ) X bRy
and get
KE+nE_b Ky KE Ty ”EKKy*KEPﬂyfn’EX—l/uE
= () () Kyeny g

We note that this simplifies considerably if for each of
the factors capital and labour, either only one of the
sectors requires it or both sectors have the same
elasticity for it. Since clearly a considerable amount of
capital and labour are needed in both sectors, we hence
assume kg = ky =: k and rg = mwy =: 7. We can now

solve
Kg Py —1Japy1
_ — B = (bvX E\1/(k+m)
K-k p_p P X ’
Ki=-—P kp=P p
1+8 1+ 8
Ky = ! K, Py = ! P
ey L
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Putting all of the above together, using
n=1/(14+1/B) (the share of the energy sector)
instead of B, and introducing o = 1/(1 — k — 7),
ag = b and ap = b, we get

X3 Xp
Xp=apgl® Ky ="L2Kg, Pp=—2P
B=apl ", Kp X E, I'B X E»

Xr Xr
XF:aFG1y7KF:7KE7PF:7PE7

1

X=X+ X =
B+ Xp 1 5 (X ) e

7 = Kgpg/xk+ﬂ — nK+ﬂKKPﬂ/XK+U7
EZXZ,KE = WK»PE = 77P7

Y =yE, Ky =(1—-n)K,Py=(1—n)P,

7 = (1 + (apL* + aFGay)l;Gﬁ) h

h;/(wrﬂ)
B Xz — aBLalKKPrr ,
B — AB&~ — (aBLOM + aFGay)K+n ’
EF _ XFZ _ aFGaVKKPn ,

(CIBLDU1 + {IFGOW)K_HT '

For the economy to have increasing returns to scale, we
choose elasticities that fulfil « + 7 + min(4, y) > 1.
A simple choice which is roughly in line with estimates
of labour and capital elasticities in the agricultural
sector of many countries is k =m=4=y =2/5.
Then k + 7w = 4/5, « = 5, @ = ay = 2, and hence

—4/5
B aBLZ(PK)Z/S ) (IZBLZ + ﬂFG2)1/4 /
B = = )
(ol + G b
—4/5
Ep _ aFGZ(PK)Z/S (QBLZ + apG2)1/4 /
(apl? + azG*)*" b/

Finally, we assume that bi > agl? + apG® so that the
share of the energy sector 7 (the large bracket) is =~ 1.
Note that as the ‘energy’ sector in our model includes
all of agriculture, a very large share of this sector is not
too implausible. We thus arrive at the simple
approximation used in the model,

B @ LZ(PK)Z/S
e (agl? + apG?)Y5’

_ap  G(PK)?°

F="2t_—~+~
er (aBL2 + ﬂFG2)4/5

Y = y(egB+ epF).
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For the pre-capitalistic variant of the model, we choose
k = A =3/10 instead to get constant returns to scale.
Together with a fixed per capita capital of KxP, this
gives equations (3.1) and (3.2).

Appendix B: Parameter estimation

The available Earth surface area (2) has been identified
with the Earth’s current land surface area. The
parametrization of the carbon cycle parameters (C*,
Cpp» 40> ar, ly, I, d, m) occurred on the basis of the
recent estimated of carbon stocks and flows by the
International Panel on Climate Change [36]. The
estimates of the demographic parameters (p, Wp, q)
result from separately performed weighted least
squares regressions of the modelled dependencies of
fertility and mortality on well-being (equation (2.4)),
respectively. As input data we used estimates of various
World Development Indicators for which country-
wise, yearly data are available from the World Bank
[45]. The investment rate (i) has been estimated by
averaging the global times series on ‘gross capital
formation’ by the World Bank [45]. A reasonable value
for the capital depreciation rate (k) can be found in
[46]. Typical energy densities of biomass (ep) and
fossil fuels (ep) are of comparable size [47]. The
economic output per (primary) energy input has been
estimated as the average of the inverse of the time
series on ‘energy intensity level of primary energy’
available from the World Bank [45].

The subsequently introduced parameters y,; and b
in the non-fossil scenario (section 3.2) have been
estimated using data on global population level,
agricultural sector’s value added to the gross world
product and the contribution of harvesting to the
‘Human Appropriation of Net Primary Production’
(HANPP) [45, 48].

Appendix C: Bifurcation analysis

The rather low-dimensional complexity and the
simple functional relationships (see equations (2.1)
to (2.5)) of the presented model facilitate the
application of analysis techniques from dynamical
systems theory, e.g. bifurcation analysis [43]. Bifurca-
tion analysis aims at a partition of a dynamical system’s
parameter space into regimes, such that within
different regimes the system’s state spaces are
topologically non-equivalent, meaning different num-
bers or stabilities of the system’s equilibria or limit
cycles and hence a different asymptotic behaviour.
For this work we conducted a bifurcation analysis
of the (yg, wr)-parameter-subspace of the two-
dimensional (L, P) submodel discussed in section
3.2. The bifurcation diagram in figure 4) shows a
partition of the parameter space into five regimes for
which the corresponding state spaces are topologically
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non-equivalent. The borders between the regimes
correspond to codimension-1-bifurcations, while the
blue points at their intersections indicate bifurcations
of codimension 2.

Suppose the parameter values lie within the large
reddish region in figure 4 for which the ‘desert’ state is
the only attractor of the system. When crossing the red
curve above the blue square, the system undergoes a
(local) fold (or saddle-node) bifurcation leading to the
existence of an unstable (saddle) equilibrium and a
stable (node) equilibrium in the dark green regime
which hence facilitates a sustainable coexistence of
humans with nature. Crossing the green curve gives
rise to a (global) homoclinic bifurcation through
which an unstable limit-cycle is created. However, this
does not alter the set of attractors, hence the qualitative
asymptotics remain unchanged. If the orange curve is
transgressed from within the light green region, an
Andronov-Hopf bifurcation occurs. It is sub-critical
when the curve is crossed above the blue circle. In this
case the unstable limit-cycle coalesces with the stable
node, leaving an unstable node in the orange region.
When the orange curve is crossed below the blue circle,
the Andronov-Hopf bifurcation is super-critical,
meaning that a stable limit-cycle is born around the
stable coexistence equilibrium which in turn becomes
unstable. The vyellow region hence features an
attracting limit-cycle besides the stable desert state.
The yellow bifurcation curve corresponds to a fold
bifurcation of cycles in which the two limit-cycles
coalesce and vanish, leaving an unstable node in the
orange region. Hence, in the orange regime the
systems features a saddle point and an unstable node
with P > 0, which undergo a fold bifurcation when
the red line is crossed from left to right below the blue
square. In the orange and red regions the desert state is
the only attractor, meaning that ultimately nature and
society are doomed to collapse.

At the point marked by the blue square at which
the fold, Andronov-Hopf and homoclinic bifurcation
curves intersect, a so-called Bogdanov-Takens bifurca-
tion occurs. The point marked by the blue square at
which the fold-of-cycles curve connects to the two
branches of the Andronov-Hopf curve is referred to as
a Bautin (or generalized Hopf) bifurcation.

Note that in figure 4 only the fold and Andronov-
Hopf curves which correspond to local bifurcations
have been computed numerically, using the software
PyDSTool [49]. As the tool is not able to detect global
bifurcations, the homoclinic and fold-of-cycles curves,
whose existence is known from theory, are indicated
only schematically.

Appendix D: Conditions for
superexponential growth

Due to several nonlinearities in our model, most
quantities can show both sub- and superexponential
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growth or decay, in contrast to most basic purely
economic growth models.

A quantity x has a phase of superexponential
growth whenever 0 < d*(Inx)/dt* = (¥x — %)/«

For population B we have d(InP)/dt=
P/P=f(W):= V%,g‘f“f;ipf% and f is negative if
0 < W < W, (for some constant Wy), positive and
increasing if Wy < W < W*, and positive and
decreasing if W* < W, where 0 < Wy < Wp < W*.
Hence P has superexponential growth iff either (i)
Wy < W< W* and W >0, or (i) W* < W and
W < 0, i.e. when well-being is moving towards the
point where net reproduction is maximal.

For capital K, the condition is

0 <kKK-K

d . . .
:KE(in(aBLZ+aFG2)1/~“(PI<)2/”—kK)—K2
=K(iyp(apl?+apG*)'/*(PK)*>

2apLL+2arGG 2P 2K L.

%_’__4__ _kK)_K

S(IZBL +apG ) 5P 5K
aBLL+apGG P+K
aBLZ—i—aFGZ P K

2

2

:K((k+k1<)§(
—kK)— K.

If K > 0, this condition is the more likely fulfilled the
smaller K, L, G, and P, and the larger K, L, G, P,and k.
Hence a small I, a9, ar, i, g, ag, ar, g, and qp, a large
A, Iy, e, ep, and p, and a W= Wp tend to make a
superexponential growth of K more likely.
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2
Towards a unified analytical framework

IN THIS SECOND SECTION, wWe present current approaches to model
up-to-planetary-scale social-ecological dynamics and introduce a
framework to unify the existing models.

The integration of human behaviour into formal Earth system
models requires crucial assumptions about actors and their goals,
behavioural options, and decision rules, as well as modelling deci-
sions regarding human social interactions and the aggregation of
individuals’ behaviour.

In the first paper in this section, “Towards representing human
behavior and decision-making in Earth system models” [Miiller-
Hansen et al., 2017b], we reviewed existing modeling approaches
and techniques from various disciplines and found a very heteroge-
neous and diverse modeling landscape.

In order to structure future approaches, we proposed in “Tax-
onomies for structuring models for World-Earth system analysis
of the Anthropocene: subsystems, their interactions and social-
ecological feedback loops” [Donges et al., 2018] three taxa for
modelled subsystems: (i) biophysical, (ii) socio-cultural, and (iii)
socio-metabolic. Furthermore, we introduced the model category
of “World-Earth models” (WEMs), i.e., models of social-ecological
coevolution on up to planetary scales.

For the specific case of social tipping systems, we present in “So-
cial tipping processes for sustainability: An analytical framework”
[Winkelmann, R. and Donges, J. F. and Smith, E. K. and Milkoreit,
M. et al.,, 2020] an analytical framework including a formal defi-
nition for social tipping processes and filtering criteria for those
processes that could be decisive for future trajectories to global
sustainability in the Anthropocene.

Building on these works, in “Earth system modeling with en-
dogenous and dynamic human societies: the copan:CORE open
World-Earth modeling framework” [Donges, J. F. and Heitzig, J.
et al., 2020] we introduced design principles for constructing World-
Earth models and presented an open-source software that teams
of researchers with different backgrounds can use for implement-
ing such models in a highly modular way, using a combination of
equation-based and agent-based model components.
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Abstract. Today, humans have a critical impact on the Earth system and vice versa, which can generate com-
plex feedback processes between social and ecological dynamics. Integrating human behavior into formal Earth
system models (ESMs), however, requires crucial modeling assumptions about actors and their goals, behav-
ioral options, and decision rules, as well as modeling decisions regarding human social interactions and the
aggregation of individuals’ behavior. Here, we review existing modeling approaches and techniques from vari-
ous disciplines and schools of thought dealing with human behavior at different levels of decision making. We
demonstrate modelers’ often vast degrees of freedom but also seek to make modelers aware of the often crucial
consequences of seemingly innocent modeling assumptions.

After discussing which socioeconomic units are potentially important for ESMs, we compare models of in-
dividual decision making that correspond to alternative behavioral theories and that make diverse modeling as-
sumptions about individuals’ preferences, beliefs, decision rules, and foresight. We review approaches to model
social interaction, covering game theoretic frameworks, models of social influence, and network models. Finally,
we discuss approaches to studying how the behavior of individuals, groups, and organizations can aggregate to
complex collective phenomena, discussing agent-based, statistical, and representative-agent modeling and eco-
nomic macro-dynamics. We illustrate the main ingredients of modeling techniques with examples from land-use
dynamics as one of the main drivers of environmental change bridging local to global scales.

1 Introduction IPCC process uses integrated assessment models to compute

plausible future emission pathways from energy and land use

Even though Earth system models (ESMs) are used to study
human impacts on the complex interdependencies between
various compartments of the Earth, humans are not repre-
sented explicitly in these models. ESMs usually consider hu-
man influence in terms of scenarios for comparison of the
impacts of alternative narratives about the future develop-
ment of key socioeconomic characteristics. For instance, the

for different scenarios of climate mitigation. These projec-
tions determine the radiative forcing used as external input
in ESMs to study its natural impacts (Moss et al., 2010;
IPCC, 2014). The latter can, however, have socioeconomic
consequences that may be fed back into the scenario pro-
cess. However, the complex interplay of the dynamics of the

Published by Copernicus Publications on behalf of the European Geosciences Union.
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natural Earth system and the social, cultural, and economic
responses to them are not captured.

The concept of the Anthropocene epoch implies that hu-
mans have become a dominant geological force interfer-
ing with biophysical Earth system processes (Crutzen, 2002;
Maslin and Lewis, 2015). However, a changing environment
also alters human behavior (Palmer and Smith, 2014). For
example, climate change will affect land use and energy con-
sumption. Likewise, perceived environmental risks modify
consumption and mobility patterns. Therefore, with increas-
ing human impact on the Earth system, feedbacks between
shifts in the biophysical Earth system and human responses
will gain importance (Donges et al., 2017c, b; Thornton et al.,
2017). Donges et al. (2017a) provide a classification of these
feedbacks in this Special Issue.

Studying feedback loops between human behavior and the
Earth system, projecting its consequences, and developing
interventions to manage the human impact on the Earth sys-
tem requires a suitable dynamic representation of human be-
havior and decision making. In fact, even a very accurate sta-
tistical description of human behavior may be insufficient for
several reasons. First, in a closed loop, humans constantly
respond to changes in the Earth system, facing novel envi-
ronmental conditions and decision problems. Hence, their
response cannot be predicted with a statistical model. Sec-
ond, for a correct assessment of different policy options (e.g.,
command and control policy vs. market-based solutions), a
sound theoretical and empirical account of the principles un-
derlying decision making in the relevant context is needed
because they guide the development of intervention pro-
grams, such as incentives schemes, social institutions, and
nudges (Ostrom, 1990; Schelling, 1978; Thaler and Sunstein,
2009). A statistical model could mislead decision makers that
want to design policy interventions to induce changes in hu-
man behavior.

Incorporating human behavior in ESMs is challenging. In
contrast to physical laws that traditional ESMs can use as a
basis, there is no single theory of human behavior that can be
taken as a general law (Rosenberg, 2012). The understanding
of human behavior is limited by its determinants often being
contingent and socially formed by norms and institutions.
This allows for a view on social systems as socially con-
structed realities, which is in stark contrast to the positivist
epistemology of one objective reality prevalent in the natu-
ral sciences. In fact, past attempts to develop grand theories
have been criticized for being too remote from reality and,
as a consequence, hard if not impossible to test empirically
(Boudon, 1981; Hedstrém and Udehn, 2009; Hedstrom and
Ylikoski, 2010; Merton, 1957). Accordingly, many social
scientists favor a so-called “middle-range approach”, trying
to tailor theoretical models to specific contexts rather than
developing overarching general theories. This acknowledges,
for instance, that individuals act in some contexts egoisti-
cally and based on rational calculus, while in other contexts
they may act altruistically and according to simple heuris-
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tics. The principles that determine human decisions depend
on, for example, whether the decision maker has faced the
decision problem before, the complexity of the decision, the
amount of time and information available to the individual,
and whether the decision affects others or is framed in a spe-
cific social situation. Likewise, different actor types might
apply different decision principles. Furthermore, the deci-
sion determinants of agents can be affected by others through
social interactions or aggregate outcomes of collective pro-
cesses.

Here, we give an overview of existing approaches to model
human behavior and decision making to provide readers with
a toolbox of model ingredients. Rather than promoting one
theory and dismissing another, we list decisions that model-
ers face when modeling humans, point to important model-
ing options, and discuss methodological principles that help
in developing the best model for a given purpose.

We define decision making as the cognitive process of de-
liberately choosing between alternative actions, which may
involve analytic and intuitive modes of thinking. Actions are
intentional and subjectively meaningful activities of an agent.
Behavior, in contrast, is a broader concept that also includes
unconscious and automatic activities, such as habits and re-
flexes. The outcome of a decision is therefore a certain type
of behavior, which might be explained by a decision-making
theory.

In ESMs, only those human decisions and behaviors that
have a considerable impact on the Earth system are relevant,
i.e., primarily behavior towards the environment of a large
number of individuals or decisions amplified through the so-
cial position of the decision maker or technology. Therefore,
this paper also covers techniques to model interactions be-
tween agents and to aggregate behavior and interactions to
a macrolevel. On the microlevel, relevant decisions include
the reproduction, consumption, and production of energy-
and material-intensive products, place of living, and land use.
These decisions lead to aggregate and long-term dynamics of
populations, production and consumption patterns, and mi-
gration.

There are diverse social science theories explaining human
behavior and decision making in environmental and ecologi-
cal contexts, for example in environmental economics, soci-
ology, and psychology. In this paper, we focus on mathemat-
ical and computational models of human decision making
and behavior. Here, we understand the terms “modeling ap-
proach” and “modeling technique” as a class of mathematical
or computational structures that can be interpreted as a sim-
plified representation of physical objects and actors or col-
lections thereof, events and processes, causal relations, or in-
formation flows. Modeling approaches draw on theories of
human behavior that make — often contested — assumptions
about the structure of decision processes. Furthermore, mod-
eling approaches can have different purposes: the objective
of descriptive models is to explore empirical questions (e.g.,
which components and processes can explain the system’s
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dynamics), while normative models aim at answering ethi-
cal questions (e.g., which policy we should choose to reach a
certain goal).

Recent reviews focus on existing modeling approaches
and theories that are applied in the context of environmental
management and change. For example, Verburg et al. (2016)
assess existing modeling approaches and identify challenges
for improving these models in order to better understand
Anthropocene dynamics. An (2012), Meyfroidt (2013), and
Schliiter et al. (2017) focus on cognitive and behavioral theo-
ries in ecological contexts, providing an overview for devel-
opers of agent-based, land-use, and social-ecological mod-
els. Cooke et al. (2009) and Balint et al. (2017) review differ-
ent micro- and macro-approaches with applications to agro-
ecology and the economics of climate change, respectively.
The present paper complements this literature by review-
ing modeling approaches of (1) individual agent behavior,
(2) agent interactions, and (3) the aggregation of individual
behaviors with the aim of supporting the integration of hu-
man decision making and behavior into Earth system models.
The combination of these three different categories is cru-
cial to describe human behavior at scales relevant for Earth
system dynamics. Furthermore, this review highlights the
strengths and limitations of different approaches by connect-
ing the modeling techniques and their underlying assump-
tions about human behavior and discusses criteria to guide
modeling choices.

Our survey of techniques has a bias towards economic
modeling techniques for two simple reasons. First, eco-
nomics is the social science discipline that has the longest
and strongest tradition in the formal modeling of human deci-
sion making. Second, economics focuses on the study of pro-
duction and consumption as well as the allocation of scarce
resources. In most industrialized countries today, a major
part of human interactions with the environment is medi-
ated through markets, which are central in economic analy-
ses. This review aims to go beyond the often narrow framing
of economic approaches while at the same time not ignor-
ing important economic insights. For instance, consumption
and production decisions not only follow purely economic
calculations, but are also deeply influenced, for instance, by
behavioral patterns, traditions, and social norms (The World
Bank, 2015).

Because we discuss different approaches to model deci-
sion making and behavior from various disciplinary or sub-
disciplinary scientific fields, there are considerable differ-
ences in terminology that make a harmonized presentation
of the material challenging. For example, the same terms are
used to describe quite separate varieties of an approach in
different fields, and different terms from separate fields may
refer to very similar approaches. We adopt a terminology that
aims for a better interdisciplinary understanding and point
out different understandings of contested terms where we are
aware of them.

www.earth-syst-dynam.net/8/977/2017/

This paper works with land-use change as a guiding and
illustrative example. Land-cover change and land use make
up the second-largest source of greenhouse gases — besides
the burning of fossil fuels — and thus contribute strongly to
climate change. Behavioral responses related to land use will
play a crucial role for successful mitigation and adaptation
to projected climatic changes, thereby challenging modelers
to represent decision making in models of land-use change
(Brown et al., 2017). The complexity of land-use change pro-
vides various examples of how collective and individual de-
cision making interacts with the environment across spatial
scales and organizational levels. Land-use models consider
environmental conditions as important factors in decision-
making processes, giving rise to feedbacks between environ-
mental and socioeconomic dynamics (Brown et al., 2016).
However, this paper does not provide an exhaustive overview
of existing land-use models. For this purpose, the reader is
referred to the various reviews in the literature (e.g., Baker,
1989; Brown et al., 2004; Michetti, 2012; Groeneveld et al.,
2017).

The remainder of the paper is organized as follows. In
Sect. 2, we give an overview of different levels of descrip-
tion of social systems and the socioeconomic units or agents
associated with them. Sections 3-5 form the main part of the
paper, presenting different modeling techniques and their un-
derlying assumptions about human decision making and be-
havior. First, Sect. 3 introduces approaches to model indi-
vidual decisions and behavior from rational choice to learn-
ing theories. Many of these techniques can be used to also
model higher-level social entities. Second, Sect. 4 puts the fo-
cus on techniques for modeling interactions between agents.
Strategic interactions and social influence are significant de-
terminants of individual decisions and therefore important
for long-term changes in collective behavior, i.e., the group
outcome of mutually dependent individual decisions. Third,
Sect. 5 reviews different aggregation techniques that allow
for a description of human activities at the level of social col-
lectives or systems. These approaches make use of simplifi-
cations to scale up theories about individual decision mak-
ing. Figure 1 summarizes these main parts of the paper, the
corresponding modeling approaches, and important consid-
erations for model selection, which we discuss in detail in
Sect. 6. The discussion also reflects on important distinctions
between models of natural and social systems that are crucial
to consider when including human behavior into ESMs. The
paper concludes with remarks on the remaining challenges
for this endeavor.

2 The challenge: modeling decision making and
behavior across different levels of organization
The decision making and behavior of humans can be de-

scribed and analyzed at different levels of social systems.
While decisions are made and behavior is performed by in-
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Model category

Individual decision
making and behavior

milje

Interactions between
individual agents

Aggregation and
system-level
description

1
=ie

Important considerations
for model choice and assumptions

Modeling approaches and
techniques

Motives, objectives, preferences
Constraints, information and knowledge,
beliefs, behavioral options and dispositions
Decision rules, strategy selection

Optimal decisions in rational choice
Heuristics/decision trees
Learning theory

Classical and evolutionary game theory
Social influence models
Networks of interaction structures

Strategic interaction, imitation of behavior,
influence on beliefs, opinions, preferences,
adaptation of interaction structure

Agent homo- or heterogeneity,

positive or negative feedbacks,

transient dynamics and equilibrium states,
centralization of decision making

Social welfare and voting
Representative agent
General equilibrium models
Agent-based modeling
Statistical distributions
System-level models

Figure 1. Overview of modeling categories, corresponding modeling approaches, and techniques discussed in this paper and important

considerations for model choice and assumptions about human behavior and decision making.

dividual humans, it is often useful to not represent individ-
ual humans in a model but to treat social collectives, such
as households, neighborhoods, cities, political and economic
organizations, and states, as decision makers or agents.

Figure 2 shows a hierarchy of socioeconomic units, i.e.,
the groups, organizations, and structures of individuals that
play a crucial role in human interactions with the Earth sys-
tem. We consider a broad scheme of levels ranging from the
microlevel across intermediate levels to the global level. This
hierarchy of socioeconomic units is not only distinguish-
able by level of complexity but also by the different spatial
scales involved. However, there is no one-to-one correspon-
dence. For instance, some individuals have impacts at the
global level, while many transnational organizations operate
at specific local levels. Especially in the context of human—
environment interactions in ESMs, scaling and spatial extent
are therefore important issues (Gibson et al., 2000). Further-
more, we note that the strict separation between a microlevel
and macrolevel may result in treating very different phenom-
ena alike. For instance, many economic models describe both
small businesses and transnational corporations as actors on
the microlevel and model their decision processes with the
same set of assumptions, even though they operate very dif-
ferently.

One major challenge for modeling humans in the Earth
system is therefore to bridge the diverse levels between in-
dividuals and the global scale, thereby integrating different
levels of social organization and spatial and temporal scales.

The relation between individual agents and social collec-
tives and structures has been the subject of considerable de-
bate in the social sciences. In the social scientific tradition
of methodological individualism!, the analysis aims to ex-
plain social macro-phenomena, for example phenomena at
the level of groups, organizations, or societies, with theories

I'We note that there are different accounts of methodological in-
dividualism, and it often remains unclear to what extent structural
and interactionist elements can be part of an explanation (see Hodg-
son, 2007; Udehn, 2002).

Earth Syst. Dynam., 8, 977-1007, 2017

of individual behavior. This approach deviates from struc-
turalist traditions, which claim that collective phenomena are
of their own kind and thus cannot be traced back to the behav-
ior of individuals (Durkheim, 2014). Positions between these
two extremes emphasize the interdependency of individual
agents and social structure, which is understood as an emerg-
ing phenomenon that stabilizes particular behaviors (Cole-
man, 1994; Homans, 1950). While it very much depends
on the purpose of the given modeling exercise whether the
model should represent individuals or collectives, we mainly
focus here on the research tradition that acknowledges the
fact that complex and unexpected collective phenomena can
arise from the interplay of individual behavior.

In Table 1, we provide an overview of socioeconomic units
at different levels that are potentially important for Earth sys-
tem modeling. We list common theories, frameworks and
assumptions made about decision making and behavior for
these socioeconomic units and link them to scientific fields
that focus on them.

At the microlevel, models consider individuals, house-
holds, families, and small businesses. For instance, individ-
uals can make decisions as policy makers, investors, busi-
ness managers, consumers, or resource users. At this level,
decisions about lifestyle, consumption, individual natural re-
source use, migration, and reproduction are particularly rele-
vant in the environmental context. Individual decisions have
to be made by a large number of individuals or have to be re-
inforced by organizations, institutions, or technology to be-
come relevant at the level of the Earth system. Individuals’
participation in collective decision processes, such as voting,
may also have consequences for the environment at a global
level.

At various intermediate levels, communities and organi-
zations like firms, political parties, labor unions, educational
institutions, and nongovernmental and lobby organizations
play a crucial role in shaping economic and political deci-
sions and therefore have a huge impact on aggregate behav-
ior. Governments at different levels representing different ter-
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Table 1. Overview of particular levels of description of socioeconomic units, associated scientific fields and communities, and some common
approaches and assumptions about decisions and behavior. The list gives a broad overview but is far from being exhaustive.

Level Socioeconomic units Fields/communities Common approaches and theo- Common assumptions about
ries decision making
Micro Individual humans Psychology, neuro-  Rational choice, bounded ratio-  [All assumptions presented in
science, sociology, nality, heuristics, learning the-  this column]
economics, anthropol- — ory, cognitive architectures
ogy
Households, families, Economics, anthropol- Rational choice, heuristics, so- Maximization of consumption,
small businesses ogy cial influence leisure, profits
Intermediate Communities (villages, Sociology, anthropol-  Social influence, networks Transmission and evolution of
neighborhoods), cities ogy, urban studies cultural traits and traditions
Political parties, NGOs,  Political science, soci-  Strategic decision making, pub-  Agents form coalitions and co-
lobby  organizations, ology lic/social choice, social influ- operate to achieve goals, influ-
educational institutions ence and evolutionary interac- enced by beliefs and opinions
tions of others
Governments Political science, opera-  Strategic  decision making, Agents choose for the common
tions research cost-benefit and welfare anal- good
ysis, multi-criteria decision
making,
Nation states, societies Economics,  political ~ welfare maximization, social Majority vote
science, sociology choice
Global Multinational firms, Economics, manage- Rational choice Maximization of profits or
trade networks ment science shareholder value
Intergovernmental Political science (inter-  Strategic  decision making, Coalition formation
organizations national relations) cost—benefit analysis

Intergovernmental organi-

Governmen-ocieties

NGOs, lobby organizations, political parties

Communities, villages, cities
| Smal businesses

Individual

Intermediate

Global

>

Level of social interaction

Figure 2. Socioeconomic units and their corresponding level and scales.

ritories, from cities to nation states, enact laws that strongly
frame the economic and social activities of their citizens. Im-
portant decisions for the Earth system context include envi-
ronmental regulations and standards, the production and dis-
tribution of commodities and assets, trade, the extraction and
use of natural resources, and the development and building
of physical infrastructures.

At the global level, multinational companies and intergov-
ernmental organizations negotiate decisions. This level has
considerable impacts on policy and business decisions even
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though it is remote from the daily life of most individuals.
Often this level provides framing for activities on lower or-
ganizational levels and thus strongly influences the problem
statements and perceived solutions, for instance regarding
environmental issues. Decisions important for the Earth sys-
tem at this level include international climate and trade agree-
ments, the decisions of internationally operating corporations
and financial institutions, and the adoption of global frame-
works like the UN Sustainable Development Goals (United
Nations General Assembly, 2015).
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An overarching question that has triggered considerable
debate between different disciplines is the allocation of
agency at different levels of description. Even if individu-
als can decide between numerous options, the perception of
options and decisions between them are shaped by social
context and institutional embedding. Institutions? and orga-
nizations can display their own dynamics and lead to out-
comes unintended by the individuals. On the other hand,
social movements can initiate disruptive changes in institu-
tional development. The attribution and perception of agency
for a specific problem is therefore important for the choice of
a suitable level of model description. The following section
starts our discussion of different modeling techniques at the
level of individual decision making and behavior.

3 Modeling individual behavior and decision making

In a nutshell, models of individual decision making and be-
havior differ with regard to their assumptions about three cru-
cial determinants of human choices: goals, restrictions, and
decision rules (Hedstrom, 2005; Lindenberg, 2001, 1990,
1985). First, the models assume that individuals have mo-
tives, goals, or preferences. That is, agents rank goods or
outcomes in terms of their desirability and seek to realize
highly ranked outcomes. A prominent but debated assump-
tion of many models is that preferences or goals are assumed
to be stable over time. Stable preferences are included to pre-
vent researchers from developing trivial explanations, as a
theory that models a given change in behavior only based on
changed preferences does not have explanatory power. How-
ever, empirical research shows that preferences can change
even in relatively short time frames (Ackermann et al., 2016).
Changing individuals’ goals or preferences is an important
mechanism to affect their behavior, for example through poli-
cies, making flexible preferences particularly interesting for
Earth system modelers.

Second, decision models make assumptions about restric-
tions and opportunities that constrain or help agents pursue
their goals. For instance, each behavioral option comes with
certain costs (e.g., money and time), and decision makers
form more or less accurate beliefs about these costs and how
likely they are to occur depending on the information avail-
able to the agent.

2The notion of institution is used in the literature with slightly
different meanings: (1) formal and informal rules that shape behav-
ior, (2) informal social order, i.e., regular patterns of behavior, and
(3) organizations. Here, we adopt an understanding of institutions
as formal (e.g., law, property rights) or informal rules (e.g., norms,
religion). However, formal rules often manifest in social, political,
and economic organizations and informal rules may be shaped by
them.
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Third, models assume that agents apply some decision rule
that translates their preferences and restrictions into a choice.
Although decision rules differ very much in their complex-
ity, they can be categorized into three types. First, there are
decision rules that are forward looking. Rational choice the-
ory, for instance, assumes that individuals list all positive and
negative future consequences of a decision and choose the
optimal option. Alternatively, backward-looking approaches,
such as classical reinforcement learning, assume that actors
remember the satisfaction experienced when they chose a
given behavior in the past and tend to choose a behavior with
a high satisfaction again. Finally, there are sideward-looking
decision rules, which assume that actors adopt the behavior
of others, for instance because they imitate successful others
(Kandori et al., 1993). Theories assume different degrees of
the context dependency of rules and make different implicit
assumptions about the underlying cognitive capabilities of
agents.

In the remainder of this section, we describe in more de-
tail three important approaches to individual decision making
and point out typical assumptions about motives, restrictions,
and decision rules.

3.1 Optimal decisions and utility theory in rational
choice models

Rational choice theory, a standard model in many social sci-
ences (especially in economics) that is widely studied in
mathematics, assumes that decision making is goal oriented:
rational agents have preferences and choose the strategy with
the expected outcome that is most preferred, given some ex-
ternal constraints and potentially based on their beliefs (rep-
resented by subjective probability distributions; see the be-
liefs, preferences, and constraints model in Gintis, 2009). It
can either be used to represent actual behavior or serve as a
normative benchmark for other theories of behavior.

How to judge the “rationality” of individual decisions is
subject to ongoing debates. Opp (1999) distinguishes be-
tween strong rationality (“homo economicus”), assuming
purely self-interested agents with unlimited cognitive capac-
ities knowing all possible actions and probabilities of con-
sequences, and weak rationality that makes less strong as-
sumptions. Rabin (2002) distinguishes between standard and
nonstandard assumptions regarding preferences, beliefs, and
decision-making rules. Before discussing nonoptimal deci-
sion making in Sect. 3.2, we review here common assump-
tions on preferences and beliefs.

Usually, agents are assumed to be mainly self-interested,
having fixed preferences regarding their personal conse-
quences in possible futures and being indifferent to how a de-
cision was made and to consequences for others. Exceptions
are procedural (Hansson, 1996; Fehr and Schmidt, 1999) and
other-regarding preferences (Mueller, 2003; Fehr and Fis-
chbacher, 2003).
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Preferences can be modeled as binary preference relations,
x P; y, denoting that individual i prefers situation or out-
come x to y. Most authors assume that P; is complete (for
every pair (x, y) either x P;y or y P;x) and transitive (if x P; y
and yP;z then x P;z), which allows for the representation
of the preferences with a utility function u; (Von Neumann
and Morgenstern, 1953).> Some authors also allow for in-
complete or cyclic preferences (Fishburn, 1968; Heitzig and
Simmons, 2012). In the land-use context, i could be a farmer,
x might denote growing some traditional crops generating a
moderate profit, and y growing hybrid seeds for more profit
but making i dependent on the seed supplier. If i considers in-
dependence valuable enough to make up for the lower profit,
x P; y would denote i’s preference of x over y.

In decision making under uncertainty, agents have to
choose between different risky prospects modeled as prob-
ability distributions p(x) over outcomes x. In expected util-
ity theory, p is preferred to p’ if and only if D" p(x)u;(x) >
> P (¥)u;(x). Empirical research shows that only a minor-
ity of people evaluate uncertainty in this risk-neutral way
(Kahneman and Tversky, 1979). Prospect theory therefore
models agents that overestimate small probabilities and eval-
uate outcomes relative to a reference point, which leads
to risk-averse or risk-seeking behavior regarding losses or
gains, respectively. (Kahneman and Tversky, 1979; Bruhin
et al., 2010). A conceptual example from the land-use con-
text illustrates decision making under risk. A farmer i might
face the choice of whether to stick to her current crop x or
switch to a new crop y. She may think that with 20 % proba-
bility the switch will result in a 50 % reduction in her profits,
while with 80 % probability the profits would double. If her
utility is proportional to the profits and she evaluates this un-
certain prospect as described by expected utility theory, her
gain from switching to y would be positive. If, however, she
is averse to losses and thus conforms to prospect theory, she
might evaluate the switch as negative and prefer to stick to x.

If several time points ¢ are involved in a decision, agents
are typically assumed to discount future consequences by us-
ing utility weights that decay in time and reflect the agent’s
time preferences. Discounted utility quantifies the present
desirability of some utility obtained in the future. Most au-
thors use exponentially decaying weights of the form e~"!
with a discounting rate r > 0 because this makes the evalua-
tion independent of its time point. However, empirical stud-
ies suggest that people often use slower decaying weights
(e.g., hyperbolic discounting), especially in the presence of
uncertainty (Ainslie and Haslam, 1992; Jamison and Jami-
son, 2011), although this might lead to time-inconsistent
choices that appear suboptimal at a later time. A farmer i
may compare different crops not only by next year’s expected
profit u;(x, 1) but, due to the various crops’ different effects
on future soil quality, also by future years’ profits u; (x, t) for

3u,'()c) > u;(y) implies x P; y, where u; is only defined up to
positive linear (affine) transformations.
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t > 1. Crop y might promise higher yields than x in the short
run but lower ones in the long run due to faster soil depletion.
If i is “patient”, having small r, she might prefer y P; x even
though u;(x, 1) > u;(y, 1).

Preferences can be aggregated not only in time but also
across several interrelated issues or consequences. For exam-
ple, consumer theory (Varian, 2010) models preferences over
consumption bundles by combining the utility derived from
consuming different products into a total consumption util-
ity and simply adding up these utilities or combining them in
some nonlinear way with imperfect substitutability of goods
(Leontief, Cobb—Douglas, or CES utility functions). A farm-
ers’ utility from leisure time and crop yield y(/) depending
on working time / might, for example, be combined using the
Cobb-Douglas utility function u; = y*(12 —1 )= for some
elasticity o € (0, 1).

Complex optimization problems arising from rational
choice theory can be solved by mathematical programming,
calculus of variations, and similar methods (see, e.g., Kamien
and Schwartz, 2012; Chong and Zak, 2013). Optimal deci-
sions under constraints are not only discussed as a descrip-
tion of human behavior, but are also often taken as the nor-
mative benchmark for comparison with other nonoptimal ap-
proaches that we discuss in Sect. 3.2.

Regarding decision modeling in ESMs, rational choice
theory is useful when agents have clear goals and possess
enough information and cognitive resources to assess the op-
timality of strategies. For instance, individuals’ decisions re-
garding long-term investments or the decisions of organiza-
tions, such as firms or governments, in competitive situations
can often be assumed to follow a rational choice model rea-
sonably well. It can also be useful when actors make repeated
similar decisions and can learn optimal strategies from fast
feedback, making them behave “as if” they were rational.

3.2 Bounded rationality and heuristic decision making

Empirical research on human decision making finds that in-
dividual behavior depends on the framing and context of
the decision (Tversky and Kahneman, 1974). Human deci-
sion making is characterized by deviations from the norma-
tive standards of the rational choice model, so-called cogni-
tive biases, challenging the assumption that rational choice
theory serves not only as a normative benchmark, but also
as a descriptive model of individual decision making. Bi-
ases can be the result of time-limited information processing
(Hilbert, 2012), heuristic decision making (Simon, 1956), or
emotional influences (e.g., wishful thinking, Babad and Katz,
1991; Loewenstein and Lerner, 2003). Bounded rationality
theory assumes that human decision making is constrained
by the cognitive capabilities of the agents in addition to the
constraints imposed by the environment and the available
information about it (Simon, 1956, 1997). In the economic
literature, non-transitive preferences, time-inconsistent dis-
counting, and deviations from expected utility that we al-
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ready introduced in the previous subsection are also often
considered as boundedly rational (Gintis, 2009). Boundedly
rational agents can be considered as satisficers that try to
find a satisfying action in a situation given their available in-
formation and cognitive capabilities (Gigerenzer and Selten,
2002).

Constraints on information processing imply that agents
do not integrate all the available information to compute the
utility of every possible option in complex decision situations
and choose an action with maximal utility. Instead, agents
use heuristics to judge the available information and choose
actions that lead to the more preferred outcome over less pre-
ferred ones. Gigerenzer and Gaissmaier (2011) define heuris-
tics in decision making as a “strategy that ignores part of the
information, with the goal of making decisions more quickly,
frugally, and/or accurately than more complex methods.” It
is argued that instead of an all-purpose tool, the mind carries
an “adaptive toolbox” of different heuristic decision schemes
applicable in particular environments (Gigerenzer and Sel-
ten, 2002; Todd and Gigerenzer, 2007).

In general, heuristic rules are formalized either as deci-
sion trees or flowcharts and consist of three building blocks:
one for information search, one for stopping the information
search, and one to derive a decision from the information
found. They evaluate a number of pieces of information — so-
called cues — to either categorize a certain object or to choose
between several options. Many heuristics evaluate these cues
in a certain order and make a decision as soon as a cue value
allows for classification or discriminates between options.

This is illustrated by means of the take-the-best heuristic:
pieces of information (cues) are compared between alterna-
tives according to a prescribed order, which is crucial for the
decision process. At each step in the cue order, some infor-
mation is searched for and evaluated. If the information does
not allow for discrimination between the options, the pro-
cess moves on to the next cue. This repeats as the process
moves down the cue order until a cue is reached for which
the differentiation between options is possible and the option
with the higher cue value is chosen. Another notable example
is the satisficing heuristic that evaluates information sequen-
tially and chooses the first option satisfying certain criteria.
Heuristics, especially cue orders, can be interpreted as en-
coding norms and preferences in individual decision making
as they prioritize features of different options over others and
hierarchically structure the evaluation of available informa-
tion. An overview and explanation of numerous other deci-
sion heuristics can be found in the recent review paper by
Gigerenzer and Gaissmaier (2011).

Gigerenzer and Todd (1999) question the usefulness of ra-
tional choice theory as the normative benchmark because it
is not designed for so-called “large worlds” where informa-
tion relevant for the decision process is either unknown or
has to be estimated from small samples. Instead, they want
to relieve heuristic decision making of its stigma of cogni-
tive laziness, bias, and irrationality. With their account of
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ecological rationality, they suggest that heuristics can also
serve as a normative choice model providing context-specific
rules for normative questions. This is motivated by the ob-
servation that in many real-world situations, especially when
high uncertainties are involved, some decision heuristics per-
form equally good or even better than more elaborated deci-
sion strategies (Dhami and Ayton, 2001; Dhami and Harries,
2001; Keller et al., 2014).

So far, heuristics have been used to describe decisions,
for instance in consumer choice (Hauser et al., 2009), voter
behavior (Lau and Redlawsk, 2006), and organizational be-
havior (Loock and Hinnen, 2015; Simon, 1997). However,
fast and frugal decision heuristics are not yet commonly ap-
plied in dynamic modeling of human—nature interactions.
One exception is the description of farmer and pastoralist
behavior in a study of the origins of conflict in East Africa
(Kennedy and Bassett, 2011). However, as the following
example shows, similar decision trees have been used to
model decision making in agent-based simulations of land-
use change. The model by Deadman et al. (2004) describes
colonist household decisions in the Amazon rainforest. Each
household is a potential farmer who first checks whether a
subsistence requirement is met. If this is not the case, the
household farms annual crops. If the subsistence requirement
is met, the household eventually plants perennials or breeds
livestock depending on the soil quality. The model shows
how heuristic decision trees can be used to simplify com-
plex decision processes and represent them in an intelligible
way. However, the example also shows the many degrees of
freedom in the construction of heuristics, pointing at the dif-
ficulty to obtain these structures from empirical research.

Heuristics are a promising tool for including individual hu-
man decision making into ESMs because they can capture
crucial choices in a computationally efficient way. In order to
describe the long-term evolution of preferences, norms, and
values relevant for human interactions with the Earth sys-
tem, heuristics could also be used to model meta-decisions
of preference or value adoption. Recent findings suggest that
cue orders can spread via social learning and social influence
(Gigerenzer et al., 2008; Hertwig and Herzog, 2009) anal-
ogously to norm and opinion spreading in social networks
(see Sects. 4.3 and 4.4), which could be a promising ap-
proach to model social change. However, in contrast to fully
rational decision making, it can be very challenging to ag-
gregate heuristic decision making analytically to higher or-
ganizational levels. Therefore, approaches like agent-based
modeling are suitable to explore the aggregate outcomes of
many agents with such decision rules (see Sect. 5.5).

3.3 Learning theory

The approaches discussed in the previous two subsections
mainly took the perspective of a forward-looking agent. Ra-
tional or boundedly rational actors optimize future payoffs
based on information or beliefs about how their behavior af-
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fects future payoffs, while the procedures to optimize may
be more or less bounded. However, these techniques do not
specify how the information is acquired and how the beliefs
are formed. Computational learning theory focuses on behav-
ior from a backward-looking perspective: an agent learned in
the past that a certain action gives a reward that feels good
or is satisfying and is therefore more likely to repeat this be-
havior. It can describe the adaptivity of agent behavior to a
changing environment and is particularly suited for modeling
behavior under limited information. To model the learning of
agents, unsupervised learning techniques are mostly used be-
cause they do not require training with an external correction.

Reinforcement learning is such a technique that models
how an agent maps environmental conditions to desirable ac-
tions in a way that optimizes a stream of rewards (and/or pun-
ishments). The obtained reward depends on the state of the
environment and the chosen action, but may also be influ-
enced by chosen actions and environmental conditions in the
past. According to Macy et al. (2013), reinforcement learning
differs from forward-looking behavioral models regarding
three key aspects. (1) Because agents explore the likely con-
sequences and learn from outcomes that actually occurred
rather than those which are intended to occur but may only
be obtained with a certain probability, reinforcement learn-
ing does not need to assume that the consequences are in-
tended. (2) Decisions are guided by rewards or punishments
that lead to approach or avoidance rather than by static util-
ities. (3) Learning is characterized by stepwise melioration
and models the dynamic search for an optimum rather than
assuming that the optimal strategy can be determined right
away.

The learning process is modeled via a learning algorithm
(e.g., Q-learning, SARSA learning, actor-critic learning)
based on iteratively evaluating the current value of the en-
vironmental state utilizing a temporal difference error of ex-
pected value and experience value (Sutton and Barto, 1998).
Artificial neural network algorithms can explore very high
dimensional state and action spaces. Genetic algorithms,
which are inspired by evolutionary mechanisms such as mu-
tation and selection, are also applied to learning problems.
The learning algorithm has to balance a trade-off between
the exploration of actions with unknown consequences and
the exploitation of current knowledge. In order to not exploit
only the currently learned strategy, many algorithms use ran-
domness to induce deviations from already learned behavior.

The environment in reinforcement learning problems is
often modeled with Markovian transition probabilities. The
special case of a single agent is called a Markov decision
process (Bellman, 1957). In each of the discrete states of the
environment the agent can choose from a set of possible ac-
tions. The choice then influences the transition probabilities
to the next state and the reward. As an illustration, consider a
farmer adapting her planting and irrigation practices to new
climatic conditions. The environment could be modeled by
a Markov process with different states of soil fertility and
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moisture, in which transitions between states reflect the in-
fluence of stochastic weather events. Without the possibility
to acquire knowledge through other channels, she would ex-
plore different possible actions and evaluate how they change
the yield (her reward). Eventually, through a trial-and-error
process, her yield would increase on average.

A common approach to model the acquisition of subjective
probabilities associated with the consequences of actions is
Bayesian learning, which has also been applied to reinforce-
ment learning problems (Vlassis et al., 2012). Starting with
some prior probability (e.g., from some high-entropy “unin-
formative” distribution) P (h;) that some hypothesis /; about
the relation of actions and outcomes is true, new information
or evidence P(E) is used to update the subjective probabil-
ity with the posterior P(E|h;) calculated with Bayes’ the-
orem: P(h;|E)= P(E|h;)P(h;)/P(E) (Puga et al., 2015).
The most probable hypothesis can then be chosen to deter-
mine further action.

By combining various approaches to model the acquisi-
tion of beliefs through learning, the formation of preferences
and different decision rules discussed in the previous sections
with further insights from psychology and neuroscience has
led to the development of very diverse and detailed behav-
ioral theories which are often formalized in cognitive archi-
tectures (Balke and Gilbert, 2014). These approaches can be
used to describe human behavior in computational models,
but are too complex and diverse to discuss them here in de-
tail.

Learning and related theories that emphasize the adapt-
ability of human behavior might be important building
blocks to model the long-term evolution of human interac-
tions with the Earth system from an individual perspective.
On the other hand, they can capture short-term responses to
drastically changing natural environments that are relevant,
for instance, in the context of tipping elements in the Earth
system.

Table 2 summarizes the approaches that focus on indi-
vidual human behavior. Besides the forward- and backward-
looking behavior that we introduced in this section, agents
may exhibit sideways-looking behavior: agents can copy the
behavior of successful others, thereby contributing to a so-
cial learning process. For this kind of behavior, interactions
between different agents are crucial. This will be the focus of
the next section.

4 Modeling interactions between agents

In the previous section, we discussed modeling approaches
that focus on the choices of individuals that are confronted
with a decision in a specified situation. In contrast, this sec-
tion reviews techniques to model how actors interact with
each other and influence or respond to each other’s deci-
sions. Interactions at the system level that are also aggrega-
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Table 2. Summary table for individual behavior and decision making.

Key considerations

Strengths

Limitations

Theories
Optimal decisions in ratio-
nal choice: individuals make

the decision that maximizes
their expected utility given eco-
nomic, social, and environmen-
tal constraints.

What are the agent’s prefer-
ences? What information (and
beliefs) do they have?

Highly researched theory with
strong theoretical foundation
and many applications

Individuals assumed to have
strong capabilities for informa-
tion processing and perfect self-
control

Bounded rationality and heuris-
tic decision making: individuals
have biases and heuristic deci-
sion rules that help them navi-
gate complex environments ef-
fectively.

Which cue order is used to
gather and evaluate informa-
tion? When do agents stop gath-
ering more information and de-
cide?

Simple decision processes that
capture observed biases in deci-
sion making

Suitable decision rules highly
context dependent

Learning: agents explore pos-
sible actions through repeated
learning from past experience.

How do agents interact with
their environment? What is the
trade-off between exploitation

Captures information and belief
acquisition processes

High degree of randomness in
behavioral changes

of knowledge and exploration
of new options?

tion mechanisms (e.g., voting procedures and markets) will
be discussed in Sect. 5.

The section starts with a review of strategic interactions
as modeled in classical game theory and dynamic interac-
tions in evolutionary approaches. Then, we address models
of social influence that are used to study opinion and pref-
erence formation or the transmission of cultural traits, i.e.,
culturally significant behaviors. Finally, we discuss how in-
teraction structures can be modeled as dynamic networks.
4.1 Strategic interactions between rational agents:
classical game theory

Game theory focuses on decision problems of “strategic in-
terdependence”, in which the utility that a decision maker
(called the player) gets depends not only on her own decision,
but also on the choices of others. These are often situations of
conflict or cooperation. Players choose an action (behavioral
option, control) based on a strategy, i.e., a rule specifying
which action to take in a given situation. Classical game the-
ory explores how rational actors identify strategies, usually
assuming the rationality of other players. However, rational
players can also base their choices on beliefs about others
players’ decisions, which can lead to an infinite regress of
mutual beliefs about each other’s decisions.

Formally, a game is described by what game theorists
call a game form or mechanism. The game form specifies
the actions a;(¢) that agents can choose at well-defined time
points ¢ from an action set A;(z) that may vary over time,
having to respect all kinds of situation-dependent rules. The
game form may furthermore allow for communication with
the other agent(s) (signaling) or binding agreements (com-
mitment power). Simple social situations are formalized in
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so-called normal-form games represented by a payoff ma-
trix specifying the individual utilities* for all possible action
combinations, while more complex situations are modeled as
a stepwise movement through the nodes of a decision tree or
game tree (Gintis, 2009).

Classical game theory assumes that players form consis-
tent beliefs about each other’s unobservable strategies, in par-
ticular that the other’s behavior results from an optimal strat-
egy. However, multiplayer interaction and optimization often
leads to recursive relationships between beliefs and strate-
gies, which makes solving complex classical games often
very difficult. Many problems have several solutions, called
equilibria (not to be confused with the steady-state meaning
of the word), and call for sophisticated nonlinear fixed-point
solvers (Harsanyi and Selten, 1988). Only in special cases,
for example in which players have complete information and
moves are not simultaneous but alternating, game-theoretic
equilibria can easily be predicted by simple solution concepts
such as backwards induction (Gintis, 2009). In other cases,
one can identify strategies and belief combinations consis-
tent with the following two assumptions. First, each player
eventually chooses a strategy that is optimal given her be-
liefs about all other players’ strategies (rational behavior).
Second, each player’s eventual beliefs about other players’
strategies are correct (rational expectations). The solutions
are called Nash equilibria. However, many games have mul-
tiple Nash equilibria, and the question of which equilibrium
will be selected arises.

4Note that despite the term “payoff matrix”, these utilities are
unexplained attributes of the agents and need not have a relation to
monetary quantities.
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Therefore, game theorists try to narrow down the likely
strategy combinations by assuming additional forms of con-
sistency and rationality (Aumann, 2006), such as consistency
over time (sequential and subgame perfect equilibria), sta-
bility against small deviations (stable equilibria, Foster and
Young, 1990), or small random mistakes (trembling hand
perfect equilibria, Harsanyi and Selten, 1988). After a plau-
sible strategic equilibrium has been identified, it can be used
in a simulation of the actual behavior resulting from these
strategies over time, possibly including noise and mistakes.

As an example from the land-use context, consider two
farmers living on the same road. They get their irrigation wa-
ter from the same stream. A dispute over the use of water
emerges. Both may react to the actions of the other in sev-
eral turns. The upstream farmer located at the end of the road
may increase or decrease her water use and/or pay compensa-
tion for using too much water to the other. The downstream
farmer at the entrance of the road may demand compensa-
tion or block the road and thereby cut the access of the up-
stream farmer to other supplies. A complex game tree en-
codes which actions are feasible at which moment and what
are the consequences on players’ utilities. If it is possible to
specify the information and options available to the players
at each time point, then a classical game theoretical analy-
sis allows for the determination of the rational equilibrium
strategies that the farmers would follow.

Classical game theory is widely applied to interactions in
market settings in economics (see also Sect. 5.2), but in-
creasingly also in the social and political sciences to polit-
ical and voting behavior in public and social choice theory
(see, e.g., Ordeshook, 1986; Mueller, 2003, and Sect. 5.1).
For example, public choice theory studies strategic interac-
tions between groups of politicians, bureaucrats, and voters
with potentially completely different preferences and action
sets.

While many simple models of strategic interactions be-
tween rational and selfish agents will predict only low levels
of cooperation, more complex models can well explain how
bilateral and multilateral cooperation, consensus, and stable
social structure emerges (Kurths et al., 2015). This has been
shown in contexts such as multiplayer public goods problems
and international climate policy (e.g., Heitzig et al., 2011;
Heitzig, 2013).

To model relevant decision processes in the Earth system,
classical game-theoretic analysis could be used for describ-
ing strategic interactions between agents that could be as-
sumed as highly rational and well informed, i.e., interna-
tional negotiations of climate agreements between govern-
ments, bargaining between social partners, or monopolistic
competition between firms. Similarly, international negotia-
tions and their interactions with domestic policy can also be
framed as two-level or multilevel games (as in some mod-
els of political science, e.g., Putnam, 1988; Lisowski, 2002).
Furthermore, social choice theory could be used to simulate
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simple voting procedures that (to a certain extent) determine
the goals of regional or national governments.

4.2 Interactions with dynamic strategies: evolutionary
approaches and learning in game theory

In game-theoretic settings, complex individual behavioral
rules are typically modeled as strategies specifying an action
for each node in the game tree. Consider as an example the
repeated version of the prisoners’ dilemma in which each of
two players can either “cooperate” or “defect” in each period
(Aumann, 2006). A typical complex strategy in this game
could involve reciprocity (defect temporarily after a defec-
tion of your opponent), forgiveness (every so often not re-
ciprocate), and making up (do not defect again after being
punished by a defection of your opponent after your own de-
fection).

Many or even most nodes of a game tree will not be visited
in the eventual realization of the game, and strategies may
involve the deliberate randomization of actions. Therefore,
strategies, unlike actual behavior, are principally unobserv-
able, and assumptions about them are hard to validate. For
this and other reasons, several kinds of additional assump-
tions are often made that constrain the set of strategies further
that a player can choose, e.g., assuming only very short mem-
ory or low farsightedness (myopic behavior) and disallowing
randomization, or allowing only strategies of a specific for-
mal structure such as heuristics (see Sect. 3.2).

The water conflict example from Sect. 4.1 bears some sim-
ilarity to the repeated prisoners’ dilemma in that the farmers’
possible actions can be interpreted as either defective (using
too much water, blocking the road) or cooperative (not do-
ing any of this, compensating for past defections). Assuming
different levels of farsightedness may thus lead to radically
different actions because myopic players would much more
likely get trapped in a cycle of alternating defections than
farsighted players. The latter would recognize some degree
of forgiveness because that maximizes long-term payoff and
would thus desist from defection with some probability. In
any case, both farmers’ choices can be modeled as depend-
ing on what they believe the other will likely do or how she
will react to the last action.

Evolutionary approaches in game theory study the interac-
tion of different strategies and analyze which strategies pre-
vail on a population level as a result of selection mechanisms.
Thus, in contrast to classical game theory, evolutionary ap-
proaches focus on the dynamics of strategy selection in pop-
ulations. The agent’s strategies may be hardwired, acquired,
or adapted by learning (Fudenberg and Levine, 1998; Macy
and Flache, 2002). Although many evolutionary techniques
in game theory are used in biology to study biological evo-
lution (variation through mutation, selection by fitness, and
reproduction with inheritance), evolutionary game theory can
be used to study all kinds of strategy changes in game-
theoretic settings, for instance cultural evolution (transmis-
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sion of memes), social learning through the imitation of suc-
cessful strategies, or the emergence of cooperation (Axelrod,
1984, 1997).

In an evolutionary game, a population of agents is di-
vided into factions with different strategies. They interact
in a formal game (given by a payoff matrix or game tree,
see Sect. 4.1), in which their strategy results in a fitness (or
payoff). The factions change according to some replicator
rules that depend on the acquired fitness. This can be mod-
eled using different techniques. Simple evolutionary games
in well-mixed large populations can be described with repli-
cator equations. The dynamics describing the relative change
in the factions with a particular strategy is proportional to the
deviation of the fitness of this faction from the average fitness
(Nowak, 2006).

Alternatively, the behavior resulting from evolutionary in-
teractions is often easy to simulate numerically as a discrete-
time dynamical system even for large numbers of players
if the individual action sets are finite or low-dimensional
and only certain simple types of strategies are considered.
This type of agent-based model (see Sect. 5.5) simply im-
plements features such as mutation or experimentation and
replication via strategy transfer (e.g., imitation and inheri-
tance) at the microlevel. Combined with network approaches
(see Sect. 4.4), the influence of interaction structure can also
be studied (Szab6 and Fath, 2007; Perc and Szolnoki, 2010).
Strategies can be characterized as evolutionary stable if a
population with this strategy cannot be invaded by another,
initially rare strategy. If a strategy is furthermore stable for
finite populations or noisy dynamics, it is called stochasti-
cally stable.

In our water conflict example, the farmers could use a
heuristic strategy (see Sect. 3.2) that determines how much
water they extract given the actions of the other. The evolu-
tion of the strategies could either be modeled with a learn-
ing algorithm, repeating the game again and again. Alterna-
tively, to determine feasible strategies in an evolutionary set-
ting, a meta-model could consider an ensemble of similar vil-
lages consisting of two farmers. The strategies of the farmers
would then be the result of either an imitation process be-
tween the villages or of an evolutionary process, assuming
that less successful villages die out over time.

Evolutionary approaches to game theory are a promising
framework to better understand the prevalence of certain hu-
man behaviors regarding interaction with the Earth system.
This is especially interesting regarding the modeling of long-
term cultural evolution and changes in individuals’ goals, be-
liefs, and decision strategies or the transmission of endoge-
nous preferences (Bowles, 1998).

4.3 Modeling social influence

Human behavior and its determinants (beliefs, goals, and
preferences) are strongly shaped by social influence, which
can result from various cognitive processes. Individuals may
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be convinced by persuasive arguments (Myers, 1982), aim
to be similar to esteemed others (Akers et al., 1979), be
unsure about what is the best behavior in a given situation
(Bikhchandani et al., 1992), or perceive social pressure to
conform with others (Wood, 2000; Festinger et al., 1950;
Homans, 1950).

Models of social influence allow for the study of the out-
comes of repeated influence in social networks and have been
used to explain the formation of consensus, the development
of monoculture, the emergence of clustered opinion distri-
butions, and the emergence of opinion polarization, for in-
stance. Models of social influence are very general and can be
applied to any setting in which individuals exert some form
of influence on each other. However, seemingly innocent dif-
ferences in the formal implementation of social influence can
have decisive effects on the model outcomes, as the follow-
ing list of important modeling decisions documents.

A first question is how social influence changes individ-
ual attributes. For example, a farmer deciding when to till
his field might either choose the date that most of his neigh-
bors think is best, take the average of the proposed dates, or
even try to counter coordinate with disliked farmers. Clas-
sical models incorporate influence as averaging, which im-
plies that interacting individuals always grow more similar
over time (Friedkin and Johnsen, 2011). Averaging is an ac-
cepted and empirically supported model of influence result-
ing, for instance, from the social pressure that an actor exerts
on someone else (Takacs et al., 2016). Models assume differ-
ent forms of averaging. Rather than following the arithmetic
average of all opinions, actors might only consider the major-
ity view (Nowak et al., 1990). In other models, social influ-
ence can lead to polarization (Myers, 1982). For instance, in
models of argument communication, actor opinions can turn
more extreme when the interaction partners provide them
with new arguments that support their own opinion (Més and
Flache, 2013; Mis et al., 2013).

Second, modelers need to decide whether there is just one
or multiple dimensions of influence. For instance, it is of-
ten argued that political opinions are multidimensional and
cannot be captured by the one-dimensional left-right spec-
trum. Explaining the dynamics of opinion polarization and
clustering is often more difficult when multiple dimensions
are taken into account (Axelrod, 1997). Additionally, model
predictions often depend on whether the influence dimen-
sion is a discrete or a continuous variable. Models of indi-
viduals’ decisions about certain policies often model the de-
cisions as binary choices (Sznajd-Weron and Sznajd, 2000;
Martins, 2008). However, binary scales fail to capture the
fact that many opinions vary on a continuous scale and that
differences between individuals can therefore also increase
in a single dimension (Feldman, 2011; Jones, 2002; Stroud,
2010). Therefore, models that describe opinion polarization
usually treat opinions as continuous attributes.

A third critical question is how the interaction process is
modeled. In models of opinion dynamics, for example, influ-
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ence is bidirectional in that an actor who exerts influence on
someone else can also be influenced by the other (Macy et al.,
2013; Mis et al., 2010). In diffusion models, in contrast, the
effective influence is directed. For instance, information can
spread only from informed to uninformed individuals, but not
the other way around. Furthermore, actors may be influenced
dyadically or multilaterally. Model outcomes often depend
on whether the influence that a group exerts on an actor is
modeled as a sequence of events involving dyads of actors
or as a single opinion update in which the actor considers all
contacts’ influences at once (Flache and Macy, 2011; Lorenz,
2005; Huckfeldt et al., 2004). In models that assume binary
influence dimensions, for instance, dyadic influence implies
that an agent copies a trait from her interaction partner. When
influence is multilateral, agents aggregate the influence ex-
erted by multiple interaction partners (using, e.g., the mode
of the neighbors’ opinions), which can imply that agents with
rare traits are not considered even though they would have
an influence in the case of dyadic influence events. For ex-
ample, a farmer seeking advice on whether to adopt a new
technology can either consult his friends one after another or
all together, likely leading to different outcomes if they have
different opinions on the matter.

Fourth, agents may slightly deviate from the influence
of their contacts. The exact type of these deviations affects
model outcomes and can introduce a source of diversity into
models of social influence (Mis et al., 2010; Pineda et al.,
2009; Kurahashi-Nakamura et al., 2016). For instance, some
models of continuous opinion dynamics include deviations
as Gaussian noise, i.e., random values drawn from a nor-
mal distribution. In such a model, opinions in homogeneous
subgroups will fluctuate randomly and subgroups with sim-
ilar opinions can merge that would have remained split in a
model without deviations (Mis et al., 2010). In other con-
texts, deviations are better modeled by uniformly distributed
noise, assuming that big deviations are as likely as small
ones. This can help to explain, for instance, the emergence
and stability of subgroups with different opinions that do not
emerge in settings with Gaussian noise’ (Pineda et al., 2009).

Finally, the effects of social influence depend on the struc-
ture of the network that determines who influences whom.
Complex dynamics can arise when this interaction network
is dynamic and depends on the attributes of the agents, as we
discuss in the following section.

Models of social influence are a promising approach to
explore how social transitions interact with the Earth sys-
tem, for example transitions of norms regarding admissible
resource use and emissions, lifestyle changes, and adoption
of new technology. They can be used to explore the condi-
tions under which social learning enables groups of agents to
adopt sustainable management practices.

5Gaussian noise needs to be very strong to generate enough
diversity for the emergence of subgroups with different opinions.
However, when noise is strong, subgroups will not be stable.
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4.4 Modeling the interaction structure: (adaptive)
network approaches

In most of the models discussed in the previous section, the
social network is formally modeled as a graph (the mathe-
matical notion for a network): a collection of nodes that are
connected by links. In this mathematical framework, nodes
(vertices) represent agents and links (edges) indicate inter-
action, communication, or a social relationship. Agents can
only interact and thus influence each other if they are con-
nected by a link in the underlying network.

Classical social influence models study the dynamics of
influence on static networks, assuming that agents are al-
ways affected by the same subset of interaction partners (e.g.,
DeGroot, 1974; French, 1956; Friedkin and Johnsen, 2011).
These networks can be undirected or directed, possibly re-
stricting the direction of influence, but their structure does
not change over time. Furthermore, the topology of the net-
work, i.e., the arrangement of links, can be more or less ran-
dom or regular, clustered, and hierarchical. In social influ-
ence models on static networks, connected populations will
usually reach consensus in the long run.

Especially when modeling social processes over longer
timescales, it is reasonable to assume that the social network
is dynamic, i.e., that its structure evolves over time. This time
evolution can be independent of the dynamics on the network
and encoded in a temporal network (Holme and Saraméki,
2012). However, for many social processes, the structure of
the social network and the dynamics on the network (e.g., so-
cial influence) interact. Adaptive network models make the
removal of existing and the formation of new links between
agents dependent on attributes of the agents by building on
the insight that the social structure influences the behavior,
opinions, or beliefs of individual actors, which in turn drives
changes in social structure (Gross and Blasius, 2008).

Local update rules for the social network structure and
the agent behavior can be chosen very flexibly. Changes in
agent behaviors may be governed by rules such as random
or boundedly rational imitation of the behavior of network
neighbors (see above). Update rules for the network struc-
ture are often based on the insight that agents tend to be in-
fluenced by similar others and ignore those who hold too-
distant views (Wimmer and Lewis, 2010; McPherson et al.,
2001; Lazarsfeld and Merton, 1954). Many models assume
that agents with similar characteristics tend to form new
links between each other (homophily) while breaking links
with agents having diverging characteristics (Axelrod, 1997,
Hegselmann and Krause, 2002; Deffuant et al., 2005). In
adaptive network models, homophily in combination with
social influence generates a positive feedback loop: influ-
ence increases similarity, which leads to more influence and
so on. Such models can explain, for instance, the emergence
and stability of multiple internally homogeneous but mutu-
ally different subgroups. Other applications of coevolution-
ary network models allow us to understand the presence
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of social tipping points in opinion formation (Holme and
Newman, 2006), epidemic spreading (Gross et al., 2006),
the emergence of cooperation in social dilemmas (Perc and
Szolnoki, 2010), and the interdependence of coalition for-
mation with social networks (Auer et al., 2015). Such adap-
tive network models exhibit complex and nonlinear dynam-
ics such as phase transitions (Holme and Newman, 2006),
multi-stability (Wiedermann et al., 2015), oscillations in both
agent states and network structure (Gross et al., 2006), and
structural changes in network properties (Schleussner et al.,
2016).

While adaptive networks have so far mostly been applied
to networks of agents representing individuals, the frame-
work can in principle be used to model coevolutionary dy-
namics on various levels of social interaction as introduced
in Table 1. For instance, global complex network structures
such as financial risk networks between banks, trade net-
works between countries, transportation networks between
cities and other communication, organizational, and infras-
tructure networks can be modeled (Currarini et al., 2016).
Furthermore, approaches such as multi-layer and hierarchi-
cal networks or networks of networks allow for the modeling
of the interactions between different levels of a system (Boc-
caletti et al., 2014).

As an illustration, consider a community of agents each
harvesting a renewable resource, for example wood from a
forest. The agents interact on a social network, imitating the
harvesting effort of neighbors that harvest more and may
drop links to neighbors that use another effort. The interac-
tion of the resource dynamics with the network dynamics ei-
ther leads to a convergence of harvest efforts or a segregation
of the community into groups with higher or lower effort de-
pending on the model parameters (Wiedermann et al., 2015;
Barfuss et al., 2017).

In the context of long timescales in the Earth system, the
time evolution of social structures that determine interactions
with the environment are particularly important. Adaptive
networks offer a promising approach to modeling the struc-
tural change of the internal connectivity of a complex system
(Lade et al., 2017). For example, this could be applied to
explore mechanisms behind transitions between centralized
and decentralized infrastructure and organizational networks.

Table 3 summarizes the different modeling approaches
that focus on agent interactions in human decision making
and behavior. These interactions occur between two or sev-
eral agents. For including the effect of these interactions
into ESMs, their aggregate effects need to be taken into ac-
count as well. Therefore, we introduce in the next section ap-
proaches that allow us to aggregate individual behavior and
local interactions and to study the resulting macrolevel dy-
namics.
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5 Aggregating behavior and decision making and
modeling dynamics at the system level

So far, we focused on theories and modeling techniques that
describe the decision processes and behavior of single actors,
their interactions, and the interaction structure. This section
builds on the previously discussed approaches and highlights
different aggregation methods for the behavior of an ensem-
ble or group of agents. This is an important step if models
shall describe system-level outcomes or collective decision
making and behavior in the context of Earth system mod-
eling. Aggregation techniques link modeling assumptions at
one level (often called the microlevel) to a higher level (the
macrolevel). They enable the analysis of macrolevel out-
comes and help to transfer models from one scale to another.
In general, this could link all levels introduced in Sect. 2.

In this section, we describe different approaches that are
used to make this connection. Analytical approaches gen-
erally represent groups of individual agents through some
macrolevel or average characteristic, often using simplifying
assumptions regarding the range of individual agents’ char-
acteristics. Simulation approaches describe individual behav-
ior and interactions and then compute the resulting aggregate
macroscopic dynamics.

The question of how to aggregate micro-processes to
macro-phenomena is not specific to modeling human deci-
sion making and behavior. The aggregation of individual be-
havior and the resulting description of collective action, such
as collective motion, is also an ongoing challenge in the nat-
ural sciences (Couzin, 2009). Specific assumptions about in-
dividual behavior and agent interactions have consequences
for the degree of complexity of the macrolevel description.
For instance, if agent goals and means do not interact, the
properties of single agents can often be added up. If, on the
contrary, agents influence each other’s goals or interact via
the environment, complex aggregate dynamics can arise.

The following sections discuss different aggregation tech-
niques, their underlying assumptions, and how these reflect
specific aggregation mechanisms. They are summarized in
Table 4.

5.1 Aggregation of preferences: social welfare and
voting

Rational choice approaches can also be used to model deci-
sion making by agents on higher levels from Table 1, for ex-
ample firms or countries. The “preferences” of such groups
of individuals are often represented by using as the opti-
mization target a social welfare function, which aggregates
the members’ utility functions either additively (“utilitarian”
welfare) or in some nonlinear way to represent inequality
aversion (e.g., the Gini—Sen, Atkinson—Theil-Foster, or egal-
itarian welfare functions; Dagum, 1990). To do so, a com-
mon scale of utility must be assumed. For example, individ-
ual utility in many economic models equals the logarithm
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Approaches and frame-  Key considerations Strengths Limitations
works
Classical game theory:  What is the game structure (op-  Elegant solutions for low- Difficult to solve for complex

strategic  interactions
between rational agents

tions, possible outcomes, tim-
ing, information flow) and what
are the players’ preferences?

complexity problems

games, agents cannot change
the rules of the game

Evolutionary game the-
ory: competition and
selection between hard-
wired strategies

What competition and selection
mechanisms are there?

Can explain how dominant
strategies come about

Agent strategies are modeled as
hardwired (no conscious strat-
egy change)

Social influence: agents
influence each other’s
beliefs, preferences, or
behaviors

How do influence mechanisms
change agent attributes? Is the
influence multilateral, dyadic,
or directed? How large are de-
viations?

Allows for the modeling of so-
cial learning, preference forma-
tion, and herding behavior

Local dynamics are often styl-
ized

Network theory: chang-
ing social interaction
structures

Is the social network static or
adaptive? How much random-
ness and hierarchy is in the

Mathematical formalization to
model coevolution of social
structure with agent attributes

Micro-interactions
dyadic and schematic

mostly

structure? How do agents form
new links?

of the total monetary value of the individual’s consumption.
Social welfare functions are indeed used to find optimal pol-
icy, for example in cost—benefit analysis (Feldman and Ser-
rano, 2006). Consider a village of farmers growing crops that
need different amounts of water so that water management
policies affect farmer incomes. The effects of a water policy
could then be evaluated using the average, minimal, or av-
erage logarithmic income of farmers as a measure of social
welfare. The policy option maximizing the chosen indicator
should be implemented.

However, it is highly debated whether the utilities of dif-
ferent individuals can really be compared and substituted in
the sense that a drop in collective welfare resulting from an
actor’s decrease in utility can be compensated for by increas-
ing the utility of another actor. Defining suitable group pref-
erences is especially hard when group composition or size
changes over time as in intergenerational models (Millner,
2013). Also, in complex organizations, real decisions might
be nonoptimal for the group and more explicit models of ac-
tual decision procedures may be needed. Models in subfields
of game theory (bargaining, voting, or social choice theory)
explore the outcomes of formal protocols that are designed
to aggregate the group member’s heterogeneous preferences.
Under different voting or bargaining protocols, subgroups
may dominate the decision or the group may be able to reach
a compromise (Heitzig and Simmons, 2012). In the above ex-
ample, the farmers may not agree on a social welfare measure
that a policy should optimize but instead on a formal protocol
that would allow them to determine a policy for water usage
that is acceptable for all.
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5.2 Aggregation via markets: economic models and
representative agents

A major part of the relevant interaction of contemporary
societies with the Earth system is related to the organiza-
tion of production and consumption on markets. Markets
not only mediate between the spheres of production and
consumption, but they can also be seen as a mechanism
to aggregate agents’ decisions and behavior. Economic the-
ory explores how goods and services are allocated and dis-
tributed among the various activities (sectors of production)
and agents (firms, households, governments) in an economy.
Goods and services may be consumed or can be the input
factors to economic production. Input factors for production
are usually labor and physical capital but can also include
financial capital, land, energy, natural resources, and inter-
mediate goods. In markets, the coordination between the de-
mand and supply of goods is mediated through prices that are
assumed to reflect information about the scarcity and produc-
tion costs of goods. Economics compares different kinds of
market settings (e.g., auctions, stock exchanges, international
trade) with respect to different criteria such as allocative ef-
ficiency.

Building on rational choice theory for modeling the de-
cisions of individual agents, microeconomic models in the
tradition of neoclassical economics analyze the conditions
for an equilibrium between supply and demand on single
markets (partial equilibrium theory) and between all mar-
kets (general equilibrium theory). The behavior of house-
holds and firms is usually modeled as utility maximization
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Table 4. Summary table for aggregation and system-level descriptions.

Approaches and frameworks

Key considerations

Strengths

Limitations

Social utility and welfare: ag-
gregate individual utility, possi-
bly taking inequalities into ac-
count

How is inequality evaluated?
How is welfare compared be-
tween societies and genera-
tions?

Basis for cost-benefit analy-
sis, a widely applied decision
model for policy evaluation

Assumes that individual utility
can be compared on a common
scale

Aggregation via markets: rep-
resentative agents in economic
models

What goals or preferences do
representative  agents have?
How efficient do market mech-
anisms allocate on which
spatial and temporal scales?
What market imperfections are
there?

Well-developed formalism
that makes the connection
between microeconomics and
macroeconomics  analytically
traceable

Assumes that aggregated agent
properties are similar to indi-
vidual ones to derive economic
equilibrium, coordination effort
between agents neglected

Social planner and economic
policy in integrated assessment
models: model ways to internal-
ize environmental externalities

Which economic policy in-
struments internalize environ-
mental externalities best? What
are plausible scenarios for pol-
icy implementation? How do
agents react to changes in pol-
icy?

Allows for the determination of
optimal paths for reaching soci-
etal goals

Models focus on production
and investment in the economy

Distributions and moments:
model heterogeneous agent at-
tributes via statistical properties
of distributions

Which heterogeneities  are
most important for the macro-
outcome?

Systematic way to analytically
treat heterogeneities

Only applicable for rather sim-
ple behaviors and interactions

Agent-based models: simulate
agent behavior and interactions
explicitly to study emergent
macro-dynamics computation-
ally

What kind of agent types are
important? How do they make
decisions? How do the agents
interact with each other and the
environment?

Very flexible framework re-
garding assumptions about de-
cision rules and interactions

Models often with many un-
known parameters, difficult to
analyze mathematically

Dynamics at the system level

Which crucial parameters in the

Allows for the exploration of

No explicit micro-foundation

model can be influenced by de-
cision makers?

possible dynamical properties
of the system based on macro-
mechanisms

under budget constraints and profit maximization under tech-
nological constraints in production, respectively. A central
assumption is that an economy is characterized by decreas-
ing marginal utility and diminishing returns: the additional
individual utility derived from the consumption of one ad-
ditional unit of some good is declining. Similarly, the addi-
tional production derived from an additional unit of a sin-
gle input factor is declining with its absolute amount when
holding other input factors fixed. Accordingly, the output of
the production process is described as a production function,
which is concave in its input factor arguments.

Assuming that there is perfect competition between pro-
ducers, resources and goods are allocated in a Pareto efficient
way so that no further redistribution is possible that benefits
somebody without making somebody else worse off (Varian,
2010). It has been shown that this leads to the emergence of
an equilibrium price for each good as the market is cleared
and supply meets demand (Arrow and Debreu, 1954). The
idea of this market equilibrium can be understood by the as-
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sociated prices. The rational market participants trade goods
as long as there is somebody who is willing to offer some
good at a lower price than somebody else is willing to pay for
it. However, in markets dominated by a few or very hetero-
geneous agents, perfect competition cannot be assumed, and
price wars, hoarding, and cartel formation can occur. Such
situations can be described in models of oligopoly, bargain-
ing, or monopolistic competition but are sometimes difficult
to integrate into macroeconomic frameworks.
Macroeconomic models build on this microeconomic the-
ory by modeling the decision making of firms and house-
holds with the representative agent approach. A representa-
tive agent stands for an ensemble of agents or an average
agent of a population. An underlying assumption is that het-
erogeneities and local interactions cancel out for large num-
bers of agents. While representative firms model the sup-
ply of different sectors, the demand is determined by one or
several representative households. Representative firms and
households are assumed to act as if there were perfect compe-
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tition and they had no market power, i.e., that they optimize
their production or consumption taking the prices of goods
and production factors as given. The prices of production fac-
tors are assumed to equal the value of what they are able to
produce additionally by using one additional unit, i.e., their
marginal product. In simple macroeconomic models, repre-
sentative agents interact on perfect markets for all production
factors and goods. The solution of the associated optimiza-
tion problem (with constraints given by a system of nonlin-
ear algebraic equations) specifies the quantity and allocation
of input factors, their prices (wages and interest rates), and
the production and allocation of consumer goods. A change
in one constraint can therefore lead to adjustments in all sec-
tors and new equilibrium prices. For example, in an economy
with only two sectors, industry and agriculture, modeled by
two representative firms and a representative household, in-
creases in agricultural productivity may lead to the realloca-
tion of labor into the industrial sector and changes in wages.

In reality, prices can undergo rapid fluctuations, which
challenges the validity of equilibrium assumptions at least
in the short run. Furthermore, production factors may not
be fully employed as general equilibrium considerations sug-
gest. Other deviations from efficient equilibria are discussed
as market imperfections such as transaction costs, asymme-
tries in available information, and noncompetitive market
structures. Dynamic stochastic general equilibrium (DSGE)
models account for the consumption and investment deci-
sions of economic agents under uncertainty and explore the
consequences of stochastic shocks on public information
or technology for macroeconomic indicators. Many mod-
ern DSGE models also incorporate short-term market fric-
tions such as barriers to nominal price adjustments (“sticky”
prices) or other market imperfections (Wickens, 2008). How-
ever, these models still build on the key concept of general
equilibrium because they assume that the state of the econ-
omy is always near such an equilibrium and market clearance
is fast.

Economic growth models are used to study the long-term
dynamics of production and consumption and are therefore
an important approach for Earth system modeling. In sim-
ple growth models, a homogeneous product is produced per
time according to an aggregate production function. A part
of the output can be saved as new capital, while the remain-
ing output is consumed. The evolution of the capital stock
is given by a differential equation taking into account in-
vestments and capital depreciation. In the standard neoclassi-
cal growth model, the savings are endogenously determined
by the inter-temporal optimization of a representative house-
hold and equal investments. The household maximizes an
exponentially discounted utility stream (compare Sect. 3.1),
which is a function of consumption (Acemoglu, 2009). The
central decision of the representative household is how much
of the produced output it saves to increase production in the
future and therefore cannot consume and enjoy directly. Such
inter-temporal optimization problems can be solved either
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computationally by discretization in time or analytically by
applying techniques from optimal control theory®. Besides
population growth, the only long-term drivers of growth in
the standard neoclassical model are exogenously modeled
increases in productivity through technological change. In
contrast, so-called endogenous growth models exhibit long-
run growth and endogenously account for increases in pro-
ductivity, for example through innovation, human capital, or
knowledge accumulation (Romer, 1986; Aghion and Howitt,
1998).

The use of representative agents in macroeconomic mod-
els has implications that stem from the implicit assumption
that the representative agent has the same properties as an
individual of the underlying group (Kirman, 1992; Rizvi,
1994). First, the approach neglects the fact that single agents
in the represented group have to coordinate themselves, leav-
ing out problems that arise due to incomplete and asymmetric
information. Second, a group of individual maximizers does
not necessarily imply collective maximization, challenging
the equivalence of the equilibrium outcome. Finally, the rep-
resentative agent approach may neglect emergent phenomena
from heterogeneous micro-interactions (Kirman, 2011).

In spite of the deficiencies of the representative agent ap-
proach, its application to markets allows for the aggregation
of behavior in simple and analytically tractable forms. Mod-
elers who wish to describe economic dynamics at an aggre-
gate level can rely on a well-developed theory that describes
many economic phenomena in a good approximation. In the
following section, we will discuss how this approach is used
to analyze the impacts of economic activities on the environ-
ment.

5.3 Modeling of decisions in integrated assessment
models: social planner and economic policy

Integrated assessment models (IAMs) comprise a large mod-
eling family that combine economic with environmental dy-
namics. However, the majority of currently used IAMs draws
on ideas from environmental economics. Using the concept
of environmental externality, they evaluate the extraction of
exhaustible resources, environmental pollution, and overex-
ploitation of ecosystems economically. Externalities are ben-
efits from or damages to the environment that are not re-
flected in prices and affect other agents in the economy (see,
e.g., Perman et al., 2003). These models therefore help to as-
sess economic policies that tackle environmental problems.
State-of-the-art global IAMs combine macroeconomic
representations of sectors like the energy and land systems
with models of the biophysical bases and environmental im-
pacts of these sectors. For example, CO; emitted from burn-

6Optimal control theory deals with finding an optimal choice for
some control variables (often called policy) of a dynamical system
that optimizes a certain objective function using, for example, vari-
ational calculus (Kamien and Schwartz, 2012).
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ing fossil fuels is linked to economic production by car-
bon intensities and energy efficiencies in different production
technologies. IAMs often model technological change en-
dogenously, for example with investments in R&D or learn-
ing by doing (i.e., decreasing costs with increasing utilization
of a technology). Because of the possibility to induce tech-
nological change, the models capture the path dependencies
of investment decisions. Many IAMs take the perspective of
a social planner who makes decisions on behalf of society
by optimizing a social welfare function (see Sect. 5.1). It is
assumed that the social optimum equals the perfect market
outcome with economic regulations that internalize all exter-
nal effects (e.g., emission trading schemes).”

IAMs are mostly computational general or partial equi-
librium models describing market clearing between all sec-
tors or using exogenous projections of macroeconomic vari-
ables (see Sect. 5.2). They also differ with respect to inter-
temporal allocation. While inter-temporal optimization mod-
els use discounted social welfare functions to allocate in-
vestments and consumption optimally over time, recursive
dynamic models solve an equilibrium for every time step
(Babiker et al., 2009). Furthermore, IAMs are either designed
for (1) determining the optimal environmental outcomes of
a policy by making a complete welfare analysis between
different policy options or (2) evaluating different paths to
reach a political target with respect to their cost effectiveness
(Weyant et al., 1996). In the context of climate change, for
example, many IAMs have emission targets as constraints in
their optimization procedure and determine the best way to
reach them (Clarke et al., 2014).

For the analysis of global land use, IAMs combine
geographical and economic modeling frameworks (Lotze-
Campen et al., 2008; Hertel et al., 2009; Havlik et al., 2011).
These models are used, for example, to investigate the com-
petition between different land uses and trade-offs between
agricultural expansion and intensification. With the optimiza-
tion, land uses are instantaneously and globally allocated and
only constrained by environmental factors such as soil qual-
ity, water availability, and climate and protection policies.

IAMs differ from ESMs not only regarding their model-
ing technique (mostly optimization) but also regarding their
purpose: they help policy advisors to assess normative paths
that the economy could take to reach environmental policy
goals. While the decision about the policy is exogenous to the
model, the investment decisions within and between sectors
are modeled as a reaction to the political constraints. How-
ever, most IAMs do not account for possible changes on the
demand side, for example through changes in consumer pref-
erences for green products. A better cooperation between the
IAM and ESM communities, as called for by van Vuuren
et al. (2016) in this Special Issue, is certainly desirable be-

TThis argument is based on the second fundamental theorem of
welfare economics; see, for example, Feldman and Serrano, 2006,
63-70.
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cause some of the problems that arise when including human
decision making into ESMs have already been dealt with in
IAMs. However, when considering the coupling of IAMs and
ESMs with different methods (van Vuuren et al., 2012), mod-
elers have to keep in mind not only technical compatibility
(e.g., regarding the treatment of time in inter-temporal opti-
mization models) but also the possibly conflicting modeling
purposes.

5.4 Modeling agent heterogeneity via distributions and
moments

As discussed in Sect. 5.2, the representative agent approach
can hardly capture heterogeneity in human behavior and in-
teraction. In this section we describe analytical techniques
that allow for the representation of at least some forms of
agent heterogeneity.

An ensemble of similar agents can be modeled via sta-
tistical distributions if the agents are heterogeneous regard-
ing only some quantitative characteristics, for example pa-
rameters in utility functions or endowments such as income
and wealth. In simple models, techniques from statistical
physics and theoretical ecology can be used to derive a
macro-description from micro-decision processes and inter-
actions. For instance, the distribution of agent properties rep-
resenting an ensemble of agents can be described via a small
number of statistics such as mean, variance, and other mo-
ments or cumulants. The dynamics in the form of the dif-
ference or differential equations of such statistical parame-
ters can be derived by different kinds of approximations. A
common technique is moment closure that expresses the dy-
namics of lower moments in terms of higher-order moments.
At some order, the approximation is made by neglecting all
higher-order moments or approximating them by using func-
tions of lower-order ones (see, e.g., Goodman, 1953; Keel-
ing, 2000; Gillespie, 2009).

To aggregate simple interactions between single nodes in
network models, similar techniques can be used to describe
with differential equations how the occurrence of simple
subgraphs (motifs) changes with the dynamics on and of
the network. In network theory, these approaches are also
called moment closure, although the closure refers here to
neglecting more complicated subgraphs (e.g., Do and Gross,
2009; Rogers et al., 2012; Demirel et al., 2014). For ex-
ample, the simple pair approximation only considers differ-
ent subgraphs consisting of two vertices (agents) and one
link. To abstract from the finite-size effects of fluctuations
at the microlevel in stochastic modeling approaches and ar-
rive at deterministic equations, analytical calculations often
take the limit of the agent number going to infinity (in sta-
tistical physics called the thermodynamic limit; Reif, 1965;
Castellano et al., 2009).

Techniques based on moment closure and network approx-
imations are used to aggregate the dynamics of processes like
opinion formation on networks. This might be especially use-
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ful in reducing computational complexity when modeling so-
cial processes at intermediate levels of aggregation and could
allow for the investigation of the interplay of mesoscale so-
cial processes with the natural dynamics of the Earth system.

5.5 Aggregation in agent-based models

Agent-based modeling is a computational approach to mod-
eling the emergence of macrolevel or system-level out-
comes from microlevel interactions between individual, au-
tonomous agents and between agents and their social and/or
biophysical environments (Epstein, 1999; Gilbert, 2008; Ed-
monds and Meyer, 2013). In agent-based models (ABMs),
human behavior is not aggregated to the system level a pri-
ori, nor is it assumed that individual behavioral diversity can
be represented by a single representative agent as in many
macroeconomic models (see Sect. 5.2). Instead, the behav-
ior of heterogeneous agents or groups of agents is explic-
itly simulated to study the resulting aggregate outcomes. As
each action of an individual agent is interdependent, i.e., it
depends on the decisions or actions of other agents within
structures such as networks or space, local interactions can
give rise to complex, emergent patterns of aggregate behav-
ior at the macrolevel (Page, 2015). ABMs allow for the ex-
ploration of such nonlinear behavior in order to understand
possible future developments of the system or assess possible
unexpected outcomes of disturbances or policy interventions.
Agent-based modeling is widely used to study complex sys-
tems in computational social science (Conte and Paolucci,
2014), land-use science (Matthews et al., 2007), political sci-
ence (de Marchi and Page, 2014), computational economics
(Tesfatsion, 2006; Heckbert et al., 2010; Hamill and Gilbert,
2016), social—ecological systems research (Schliiter et al.,
2012; An, 2012), and ecology (Grimm and Railsback, 2005),
among others.®

Agents in ABMs can be individuals, households, firms, or
other collective actors, as well as other entities or groups
thereof, such as fish, fish populations, or plant functional
types. Agents are assumed to be diverse and heterogeneous;
i.e., they can belong to different types and can vary within
one type, respectively. Agent types can be characterized by
different attributes and decision-making models (e.g., large
and commercial versus small and traditional farms). Hetero-
geneity within a type is often represented through quantita-
tive differences in the values of these attributes (e.g., regard-
ing market access, social, or financial capital). The decision
making and behavior of the agents can be modeled with any
of the approaches introduced in Sect. 3 or can be based on
data or observations that are formalized in equations, deci-
sion trees, or other formal rules. In empirical ABMs, agents

8Note that in some scientific communities, this class of modeling
approaches is also known as multi-agent simulation (MAS; Bous-
quet and Le Page, 2004) or individual-based modeling (Grimm and
Railsback, 2005).
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are often classified into empirically based agent types, which
are characterized by attributes and decision heuristics derived
from empirical data obtained through interviews or surveys
(Smajgl and Barreteau, 2014). Increasingly, social science
theories of human behavior beyond the rational actor are be-
ing used in ABMs to represent more realistic human decision
making. However, many challenges remain to translate these
theories for usage in ABMs (Schliiter et al., 2017).

Probabilistic and stochastic processes are often used to
capture uncertainty in and the impact of random events on
human decision making and assess the consequences for
macrolevel outcomes. For example, random events at the lo-
cal level, such as a random encounter between two agents
that results in a strategy change of one agent or a system-level
environmental variation, can give rise to nonlinear macro-
dynamics such as a sudden shift into a different system state
(Schliiter et al., 2016).

In addition to the behavior of the agents, ABMs of human—
environment systems incorporate the dynamics of the bio-
physical environment resulting from natural processes and
human actions insofar as it is relevant for the agents’ be-
havior and to understand feedbacks between human behav-
ior and environmental processes. For example, in an ABM
by Martin et al. (2016), a number of cattle ranchers can
move their livestock between grassland patches in a land-
scape. Overgrazing in one year decreases feed availability
in the following year because of the underlying biomass re-
growth dynamics. Agents decide how many cattle to graze
on a particular land patch based on their individual goals
or needs, information on the state of the grassland, beliefs
about the future, and interactions with other ranchers. The
model can reveal the interplay and success of different land-
use strategies on common land and assess their vulnerability
to shocks such as droughts. Most ABMs in the context of
land-use science have so far been developed for local or re-
gional study areas, taking into account local specificities and
fitting behavioral patterns to data acquired in the field (Parker
et al., 2003; Matthews et al., 2007; Groeneveld et al., 2017).
They are often combined with cellular automaton models that
describe the dynamics and state of the physical land system
(e.g., Heckbert, 2013). In these ABMs, the spatial embedding
of agents usually plays an important role (Stanilov, 2012).

Because ABMs can integrate a diversity of individual de-
cision making, heterogeneity of actors, and interactions be-
tween agents constrained by social networks or space and so-
cial and environmental processes, they are particularly suit-
able to study feedbacks between human action and biophys-
ical processes. In the context of ESM these may include hu-
man adaptive responses to environmental change, such as the
effects of climate change on agriculture and water availabil-
ity, to policies such as bioenergy production or the global
consequences of shifts in diets in particular regions. Agent-
based modeling is also a useful tool to unravel the causal
mechanisms underlying system-level phenomena (Epstein,
1999; Hedstrom and Ylikoski, 2010) and thus enhance the
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understanding of key human—environment interactions that
may give rise to observed Earth system dynamics. However,
because of their potentially high complexity and dimension-
ality in state and parameter space, ABMs are often difficult to
analyze and may require high computational capacities and
sophisticated model analysis techniques to understand their
dynamics beyond single trajectories.

Agent-based approaches can be applied without modeling
each individual agent explicitly. It suffices to model a repre-
sentative statistical sample of agents that depicts the impor-
tant heterogeneities of the underlying population. To capture
major types of human behavior, a recent proposal involves
agent functional types based on a theoretically derived typol-
ogy of agent attributes, interactions, and roles (Arneth et al.,
2014). This proposal is explored for modeling the adapta-
tion of land-use practices to climate change impacts (Murray-
Rust et al., 2014). Agent functional types represent a typol-
ogy that is theoretically constructed instead of data driven,
which is common in empirically based ABMs. Agent-based
approaches are promising for Earth system modeling be-
cause they allow modelers to address questions of interac-
tions across levels, for instance how global patterns of land
use emerge from interdependent regional and local land-use
decisions, which are in turn constrained by the emerging
global patterns. Furthermore, they would allow for the in-
tegration of uncertainty, agent heterogeneity, and the aggre-
gation of detailed technological and environmental changes
(Farmer et al., 2015).

5.6 Dynamics at the system level: system dynamics,
stock-flow consistent, and input—output models

This final subsection discusses modeling approaches with-
out explicit micro-foundations. Decisions in such models are
not modeled explicitly with one of the options discussed in
Sect. 3 but, as policy decisions in integrated assessment mod-
els, through the construction of different scenarios for the
evolution of crucial exogenous parameters in the model.
Global system dynamics models describe the economy,
population, and crucial parts of the Earth system and their
dynamic interactions at the level of aggregate dynamic vari-
ables, usually modeling the dynamics as ordinary differential
equations or difference equations to project future develop-
ments. The equations are often built on stylized facts about
the dynamics of the underlying subsystems and are linked
by functions with typically many parameters. Modelers em-
ploy system dynamics models to develop scenarios based on
different sets of model parameters and assess the system sta-
bility and transient dynamics. In comparison to equilibrium
approaches, system dynamics models capture the inertia of
socioeconomic systems at the cost of a higher dimensional
parameter space. This can lead to more complex dynamics
like oscillations or overshooting. System dynamics models
can be very detailed, like the World3 model commissioned by
the Club of Rome for their famous report “Limits to Growth”
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(Meadows et al., 1972, 2004), the GUMBO model (Boumans
et al., 2002), or the International Futures model (Hughes,
1999). Subsystems of such models comprise the human pop-
ulation (sometimes disaggregated between regions and age
groups), the agricultural and industrial sector, and the state
of the environment (pollution and resource availability). Sim-
pler models describe the dynamics of only a few aggregated
variables at the global level (Kellie-Smith and Cox, 2011) or
confined to a region (Brander and Taylor, 1998).

Other system-level approaches to macroeconomic model-
ing emphasize self-reinforcing processes in the economy and
point at positive feedback mechanisms, resulting in multi-
stability or even instability (e.g., increasing returns to scale in
production and self-amplification of expectations during eco-
nomic bubbles). For example, post-Keynesian economists
use stock-flow consistent models to track the complete mone-
tary flows in an economy in which low aggregate demand can
lead to underutilization of production factors and the state
plays an active role to stabilize the economy. In these mod-
els, a social accounting matrix provides a detailed framework
of transactions (e.g., monetary flows) between households,
firms, and the government, which hold stocks of assets and
commodities (Godley and Lavoie, 2007).

Input—output models track flows to much more detail be-
tween different industries or sectors of production (Leontief,
1986; Ten Raa, 2005; Miller and Blair, 2009). Each industry
or production process is modeled by a “Leontief” production
function, which is characterized by fixed proportions of input
factors that depend on the available technology. For exam-
ple, an input—output model can describe which input factors,
such as land, fertilizer, machinery, irrigation water, and la-
bor, are required for satisfying the demand of an agricultural
commodity with a mix of production techniques. The model
would consider that some of these inputs have to be pro-
duced themselves using other types of inputs. Outputs also
include unwanted side products, such as manure in cattle pro-
duction. Such models are used, for instance, to explore how
changes in demand would lead to higher-order effects along
the supply chain. Regional input—output models also account
for spatial heterogeneity and are used, for example, to eval-
uate the possible impacts of extreme climate events on the
global supply chain (Bierkandt et al., 2014).

While the approaches discussed above focus on the mon-
etary dimension of capital and goods, models from ecolog-
ical economics (van den Bergh, 2001) track material flows
or integrate material with financial accounting. For exam-
ple, input—output modeling has been extended to analyze
industrial metabolism, i.e., material and energy flows and
their environmental impacts in modern economies (Fischer-
Kowalski and Haberl, 1997; Ayres and Ayres, 2002; Suh,
2009). Regionalized versions of such models can, for in-
stance, be used to estimate the environmental footprint that
industrialized countries have in other regions (Wiedmann,
2009). In the emerging field of ecological macroeconomics
(see Hardt and O’Neill, 2017, for a detailed review of mod-
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eling approaches), stock-flow consistent and input—output
models have been combined into one framework for tracking
financial and material flows (Berg et al., 2015). Other eco-
logical models use the flow—fund approach by Georgescu-
Roegen (1971) or combine it with stock-flow consistent mod-
eling approaches (Dafermos et al., 2017). While the flow
concept refers to a stock per time, a fund is the potential-
ity of a system to provide a service. The important difference
lies in the observation that a stock can be depleted or accu-
mulated in one time step, while a fund can provide its ser-
vice only once per time step. This distinction reflects phys-
ical constraints on the production process that have impor-
tant consequences for modeling the social metabolism. Gar-
rett (2015) and Jarvis et al. (2015) in this Special Issue pro-
vide an extreme view on the dynamics of social metabolism
based only on thermodynamic considerations without taking
human decision making or agency into account.

In order to make approaches that only consider the sys-
tem level useful for modeling the impact of humans on the
Earth system, they could be combined with approaches that
model the development of new production technologies and
how the deployment of new technologies is affected by deci-
sions at different levels (consumers, firms, and governments).
Even if this integration with decision models proves difficult,
the approaches discussed in this section can help link social
and environmental dynamics in new ways, providing an im-
portant methodology to include humans into ESMs.

6 Discussion

In the previous three sections, we showed that there is a diver-
sity of approaches to model individual human decision mak-
ing and behavior, to describe interactions between agents,
and to aggregate these processes. The discussion of strengths
and limitations of the modeling approaches showed possible
underlying assumptions and connections to theories of hu-
man behavior. While some modeling techniques are compat-
ible with many theories of human behavior or decision mak-
ing and can thus be used with a variety of assumptions, other
techniques significantly constrain possible assumptions.

For many relevant questions in global environmental
change research, a dynamical representation of humans in
ESMs may not be necessary. If behavioral patterns are not
expected to change over the relevant timescales or feedbacks
between natural and social dynamics are sufficiently weak,
modelers can simply use conventional scenario approaches.

However, if behavioral patterns are expected to change
over time and give rise to strong feedbacks with the envi-
ronment, then an explicit representation of human decision
making will provide new insights into the joint dynamics. In
this case, modelers have to carefully choose which assump-
tions about human behavior and decision making are plau-
sible for their specific modeling purpose. Modeling choices
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require a constant interplay between model development and
the research questions that drive it.

Because there is no general theory of human decision
making and behavior, especially not for social collectives,
we cannot provide a specific recipe for including humans
into ESMs. In Table 5, we summarize the approaches we
discussed in this paper and collect important questions to
guide the choice of appropriate model assumptions and ap-
proaches. To find the right assumptions for a specific context,
modelers can further build on and consult existing social sci-
entific research, even though ambiguities due to a fragmen-
tation of the literature between opposing schools of thought
and difficulties in generalizing single case studies from their
local or cultural specificities can make some of the research
difficult to access. In case of doubt, modelers can team up
with social scientists to conduct empirical research in the
specific context needed to select the appropriate approach.
The selection of a modeling technique compatible with the
chosen assumptions also has to consider its limitations for
meaningfully answerable research questions and the analy-
ses that it can provide. In the following, we discuss some im-
portant considerations regarding individual decision making,
interactions, and aggregation.

Concerning individual agents, we identified three impor-
tant determinants in decision models: motives, restrictions,
and decision rules. Modelers need to take the many factors
into account that influence which assumptions about each
of these three determinants are applicable in a given con-
text. For instance, modelers can make different assumptions
about whether agents only consider financial incentives or
also take into account other criteria, such as a desire for fair
outcome distributions (Opp, 1999), depending on whether a
situation is more or less competitive or cooperative. Research
shows that the relevance of motives and goals can vary over
time and that surprisingly subtle cues can change their im-
portance (Lindenberg, 1990; Tversky and Kahneman, 1985).
Likewise, the choice of a plausible decision rule depends on
the studied context. For instance, a decision rule that requires
complex computations may be relatively plausible in con-
texts in which agents make decisions with important conse-
quences and in which they have the information and time
needed to compare alternatives. When stakes are low and
time to decide is limited, however, more simple decision
rules are certainly more plausible. Cognitively demanding
decision rules are also more plausible when decision makers
are collectives, such as companies and governments. Some-
times, it may even be reasonable to assume that agents use
combinations of different decision models (Camerer and Ho,
1999).

Important criteria for choosing an appropriate model of
agent interactions are the type and setting of interactions,
the assumptions that agents make about each other, the in-
fluence they may exert on each other, and the structure of
interactions. For example, interactions in competitive envi-
ronments will only lead to cooperation if this is individually
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beneficial. In such environments, agents may assume that the
others form their strategies rationally. In less competitive set-
tings in which social norms and traditions play a crucial role,
however, behavior may not be strategically chosen but rather
adaptively, for example by imitating other agents. This might
also be important on timescales at which cultural evolution
happens. Furthermore, social settings might favor interac-
tions in which agents primarily exchange opinions or share
beliefs and influence each other’s decisions in this way.

Crucial criteria for the choice of an appropriate aggrega-
tion technique for behavior and interactions are the prop-
erties of relevant economic and political institutions (e.g.,
market mechanisms or voting procedures), decision criteria
for collective agents, heterogeneity of modeled agents, avail-
ability of data to evaluate the model, and relevant time and
spatial scales of macro-descriptions. Depending on the spe-
cific research questions, modelers have to choose the aggre-
gation method that fits the real-world systems of interest and
describes their aggregation mechanisms and aggregate be-
havior reasonably. Whether the aggregate behavior of many
agents is better represented by a representative agent as in
macroeconomic models, a distribution of agent characteris-
tics, or many diverse individuals as in ABMs depends on the
importance of agent heterogeneity and interaction structures
such as networks or spatial embeddedness. The choice of an
aggregation technique then determines which characteristics
and processes of the system are modeled explicitly and which
assumptions influence the form of the model only implicitly.

If the local structure of interaction matters, this would re-
quire a gridded or networked approach; otherwise a mean
field approximation is justified. Similar choices have to be
made in classical ESMs. For example, the interaction of
ocean and atmosphere temperature near the surface on a spa-
tial grid could be modeled either by only taking interactions
between neighboring grid points into account or by coupling
the ocean temperature to the atmospheric mean field. Anal-
ogously, the interactions between groups of two types of
agents may be modeled explicitly on a social network. How-
ever, it might also suffice to only consider interactions be-
tween two agents representing the mean of each group. The
question of whether the interaction structure matters often
cannot be answered a priori but may be the result of a com-
parison between an approximation and an explicit simula-
tion.

For the choice of an appropriate aggregation technique,
modelers also have to decide on the level of detail to describe
the system and whether the modeling of individuals or in-
termediate levels of the system is necessary or an aggregate
description suffices. This choice depends on the expected im-
portance of interactions and heterogeneity in an assumed set
of agents. As an example from classical Earth system model-
ing, consider vegetation models in which modelers choose
between the simulation of representative plant functional
types or ensembles of individual adaptive plants depending
on whether they consider the interaction and heterogeneity
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important for the macro-dynamics. Analogously, a model of
social dynamics may use a representative agent approach
or model heterogeneous agents explicitly in an agent-based
model depending on the research question. The choice be-
tween a detailed and aggregated description depends strongly
on the model purpose. For example, if the goal is to predict
the future development of a system, a system-level descrip-
tion could suffice, while a more detailed model (e.g., ABM)
would be needed for understanding the mechanisms that ex-
plain these outcomes in terms of the underlying heteroge-
neous responses of individuals. Likewise, for a normative
model aiming to identify the action that maximizes social
welfare, an intermediate level of detail could suffice, taking
only specific agent heterogeneities into account.

In general, the evaluation of timescales can help in many
of the abovementioned modeling choices to decide whether
the social processes and properties of socioeconomic units
should be represented as evolving over time, can be fixed, or
need not be modeled explicitly at all for a macrolevel descrip-
tion of the system. For example, CO, concentration in global
circulation models can be assumed to be well mixed for the
atmosphere, while assuming this for the ocean with its slow
convection would considerably distort results on politically
relevant timescales (Mathesius et al., 2015). Similarly, gen-
eral equilibrium models can provide a good description if the
convergence of prices happens on fast timescales and market
imperfections are negligible. Dynamical system models, on
the contrary, may be more appropriate to describe systems
with a high inertia that operate far from equilibrium due to
continuous changes in system parameters and slow conver-
gence. A decisive question is therefore if the timescales of
processes in the system allow for a separation of scales. For
instance, this is possible if the micro-interactions are some
orders of magnitude faster than changes in system parame-
ters or boundary conditions. Similar considerations apply for
spatial scales.

As we have shown in the examples above, there are many
similarities regarding the choice of modeling techniques and
assumptions in ESMs and models of socioeconomic systems.
However, fundamental differences between the modeled sys-
tems pose a big challenge for an informed choice of modeling
techniques. ESMs can often build on physical laws describ-
ing micro-interactions that can be tested and scrutinized. Of
course this can result in very complex macroscopic system
behavior with high uncertainties, but models including hu-
man behavior have to draw on a variety of accounts of basic
motivations in human decision making. These motivations
may change over time while societies evolve and humans
change their actions because of new available knowledge.

This can lead to a crucial feedback between the real world
and models. Agents (e.g., policy makers) may decide differ-
ently when they take the information provided by model pro-
jections into account. Therefore, modeling choices regard-
ing human behavior might change this behavior. This as-
pect of human reflexivity makes models of human societies
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Table 5. Collection of questions that may guide the choice of modeling approaches and assumptions.

Category

Important modeling questions

Modeling individual decision
making and behavior

Modeling interactions between
agents

What goals do agents pursue? What constraints do they have? What decision rules do agents
use? How do agents acquire information and beliefs about their environment?

Do agents interact in a competitive environment, or are interactions primarily governed by so-
cial norms? What do agents assume about each other’s rationality? Do agents choose actions

strategically or adaptively? How are agents influenced by others regarding their beliefs and
norms? What structure do the interactions have, and how does the structure evolve?

Aggregating behavior and mod-
eling dynamics at the system

Are decisions aggregated through political institutions (e.g., voting procedures) or markets?
According to what criteria do policy makers decide, and what controls do they have? Is the

level heterogeneity of agent characteristics and interactions important? Which macrolevel measures
are dynamic and which can be assumed to be fixed?

fundamentally different from natural science models and is
closely linked to the important difference in social model-
ing between normative and descriptive model purposes. For
example, models that optimize social welfare usually reflect
the goal that a government should pursue and therefore have
a normative purpose. However, if this model is used to guide
policy making while taking into account the actual and per-
ceived controls of policy makers and considers the effect of
compromises between different interest groups, it could also
describe its behavior. This example shows the often intricate
interconnections between normative and descriptive assump-
tions in decision modeling that modelers should be aware of.

This is further complicated by the observation that the
same assumption may be understood in one model as a de-
scriptive (positive) statement, whereas in another model it
may be meant as a prescriptive (normative) one. For exam-
ple, in a model of agricultural markets, the assumption that
big commercial farms maximize their profits might be a rea-
sonable descriptive approximation. In contrast, in a model
that asks how smallholder farms could survive under com-
petitive market conditions, the same assumption gets a strong
normative content.

Another difficulty is that model choices are often not only
based on the most plausible assumptions about human de-
cision making but are also strongly influenced by consid-
erations about the assumption’s mathematical convenience.
Choosing assumptions for technical reasons, for example
mathematical simplicity and tractability, may be problematic
because it remains unexplained how they are related to the
real world. Because not all assumptions can be easily imple-
mented in formal models, a trade-off often has to be found
between the plausibility and technical practicality of the as-
sumptions.

Most of the global models reviewed here that describe hu-
man interactions with the Earth system are based on eco-
nomic assumptions about the behavior of humans and so-
cieties. They are often only linked in a one-way fashion to
the biogeophysical part of the Earth system. Including closed
feedback loops between social and environmental dynamics
into ESMs is still a big challenge. To advance this endeavor,
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more work is needed to synthesize modeling approaches that
can represent various aspects of human behavior in the con-
text of global modeling, even if the need for generaliza-
tions and the formalization of human behavior is sometimes
met with skepticism or rejection by social scientists who
emphasize the context dependence and idiosyncrasy of hu-
man behavior. Of course, models that use simple theories
of human decision making and behavior to describe human—
environment interactions in the global context cannot claim
to capture all real-world social interactions. If models consid-
ered the heterogeneity of agents in all relevant aspects, they
would have to be much more complex than all models that
have been developed to date. However, in many real-life set-
tings, even simple conceptual models of social mechanisms
are good descriptions of the key features of the dynamics at
work, as we have highlighted throughout this review. Includ-
ing such formal descriptions of idealized social mechanisms
can therefore be a good starting point for understanding feed-
backs in the Earth system and their qualitative consequences,
which have so far not been considered explicitly in global
models.

7 Summary and conclusion

In this review, we discussed common modeling techniques
and theories that could be potentially used to include hu-
man decision making and the resulting feedbacks with envi-
ronmental dynamics into Earth system models (ESMs). Al-
though we could only discuss the basic aspects of the pre-
sented modeling techniques, it is apparent that modelers who
want to include humans into ESMs are confronted with cru-
cial choices of which assumptions to make about human be-
havior and which appropriate techniques to use.

As Table 5 summarizes, we discussed techniques and
modeling assumptions in three different categories. First, in-
dividual decision modeling focuses on decision processes
and the resulting behavior of single agents and therefore has
to make assumptions about the determinants of choices be-
tween behavioral options. Second, models of interactions be-
tween agents capture how decisions depend upon each other
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and how agents influence each other regarding different deci-
sion criteria. Third, modeling techniques that aggregate agent
behavior and interactions to a system-level description are
crucial for modeling human behavior at scales relevant for
the Earth system and require ingredients from the first and
second categories. To include human decision making into
ESMs, techniques and assumptions from these three cate-
gories have to be combined. Finally, we discussed important
questions regarding the choice of modeling approaches and
their interrelation with assumptions about human behavior
and decision making, for example regarding the level of de-
scription and the relevant timescales but also the difficulties
that can arise due to human reflexivity and the amalgamation
of normative and descriptive assumptions in models.

Most formal models that describe human behavior in
global environmental contexts are based on economic ap-
proaches. This is not surprising because many human inter-
actions with the environment are driven by economic forces,
and economics has a stronger focus on formal models than
other social sciences. However, we think that it is necessary
to advance research that builds on insights from other so-
cial sciences and applies social modeling and simulation in
the context of global environmental change. One important
aim of such research would be to provide a theoretical basis
for including processes of social evolution and institutional
development into ESMs. If we want to explore the possible
futures of the Earth, we need to get a better understanding of
how the long-term dynamics of the Earth system are shaped
by these cultural and social processes.

A new generation of ESMs can build on various ap-
proaches, some of which we reviewed here, to include hu-
man decision making and behavior explicitly into Earth sys-
tem dynamics. However, ambitious endeavors like this have
to take into account that the modeling of human behavior and
social processes is a contested topic, and the assumptions and
corresponding modeling techniques need to be chosen care-
fully with an awareness of their strengths and limitations for
the specific modeling purpose.
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Abstract.

In the Anthropocene, the social dynamics of human societies have become critical to understanding planetary-scale Earth
system dynamics. The conceptual foundations of Earth system modelling have externalised social processes in ways that now
hinder progress in understanding Earth resilience and informing governance of global environmental change. New approaches
to global modelling of the human World are needed to address these challenges. The current modelling landscape is highly
diverse and heterogeneous, ranging from purely biophysical Earth System Models, to hybrid macro-economic Integrated As-
sessments Models, to a plethora of models of socio-cultural dynamics. World-Earth models capable of simulating complex and
entangled human-Earth system processes of the Anthropocene are currently not available. They will need to draw on and selec-
tively integrate elements from the diverse range of fields and approaches, so future World-Earth modellers require a structured
approach to identify, classify, select, combine and critique model components from multiple modeling traditions. Here, we
develop taxonomies for ordering the multitude of societal and biophysical subsystems and their interactions. We suggest three
taxa for modelled subsystems: (i) biophysical, where dynamics is usually represented by “natural laws" of physics, chemistry or
ecology (i.e., the usual components of Earth system models), (ii) socio-cultural, dominated by processes of human behaviour,
decision making and collective social dynamics (e.g., politics, institutions, social networks, and even science itself), and (iii)
socio-metabolic, dealing with the material interactions of social and biophysical subsystems (e.g., human bodies, natural re-
sources and agriculture). We show how higher-order taxonomies can be derived for classifying and describing the interactions

between two or more subsystems. This then allows us to highlight the kinds of social-ecological feedback loops where new
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modelling efforts need to be directed. As an example, we apply the taxonomy to a stylised World-Earth system model that
endogenises socially transmitted choice of discount rates in a greenhouse gas emissions game to illustrate the effects of social-
ecological feedback loops that are usually not considered in current modelling efforts. The proposed taxonomy can contribute
to guiding the design and operational development of more comprehensive World-Earth models for understanding Earth re-

silience and charting sustainability transitions within planetary boundaries and other future trajectories in the Anthropocene.

1 Introduction
1.1 Revisiting Earth system analysis for the Anthropocene

In the age of the Anthropocene, human societies have emerged as a planetary-scale geological force shaping the future trajec-
tory of the whole Earth system (Crutzen, 2002; Steffen et al., 2007; Lewis and Maslin, 2015; Waters et al., 2016; Lenton and
Latour, 2018; Steffen et al., 2018). Cumulative greenhouse gas emissions and extensive modifications of the biosphere have
accelerated since the neolithic and industrial revolutions, especially through the rapid globalisation of social-economic systems
during the 20th century, threatening the stability of the interglacial state (Lenton et al., 2016) that has enabled the development
and wellbeing of human societies (Rockstrom et al., 2009a; Steffen et al., 2015). Political and societal developments during
the 21st century and their feedback interactions with the planetary climate and biophysical environment will be decisive for the
future trajectory of the Earth system (Lenton and Latour, 2018; Steffen et al., 2018). Business-as-usual is taking the planet into
a ‘hothouse Earth’ state unprecedented for millions of years in geological history (Winkelmann et al., 2015; Ganopolski et al.,
2016), while calls for rapid decarbonisation of the global economic system to meet the Paris climate agreement (Rockstrom
et al., 2017) will also have complex consequences involving an intensified entanglement of social, economic and biophysical
processes and their resulting feedback dynamics, up to the planetary scale (Mengel et al., 2018). Despite extensive debate about
the Anthropocene (Lewis and Maslin, 2015; Hamilton, 2015; Brondizio et al., 2016; Zalasiewicz et al., 2017), and growing
recognition of the limitations of current Earth system models for analysis and policy advice in the context of these shifting
dynamics (van Vuuren et al., 2012, 2016; Verburg et al., 2016; Donges et al., 2017a, b; Calvin and Bond-Lamberty, 2018), little
has been done to address the fundamental challenge of systematically reviewing the conceptual foundations of Earth system
modelling to include dynamic social processes, rather than externalising them (Bretherton et al., 1986, 1988).

To understand planetary-scale social-ecological dynamics, models of World-Earth systems are urgently needed (Schellnhu-
ber, 1998, 1999; Rounsevell et al., 2014; van Vuuren et al., 2016; Verburg et al., 2016; Donges et al., 2017a, b, 2020; Calvin
and Bond-Lamberty, 2018). Epistemologically, we conceptualise World-Earth systems as planetary-scale systems consisting
of the interacting biophysical subsystems of the Earth, and the social, cultural, economic, and technological subsystems of the
World of human societies. It should be noted here that in the context of global change analysis and modelling, the term ‘Earth
system’ was intended to include human societies and their activities and artefacts (Bretherton et al., 1988; Schellnhuber, 1998,
1999). However, in currently influential science and policy contexts, notably the Intergovernmental Panel on Climate Change
(IPCC) (Flato, 2011; Flato et al., 2013), ‘Earth system models’ deal only with the physical dynamics of the atmosphere, ocean,

land surface and cryosphere, and a limited set of interactions with the biosphere. While some might see tautology in the term
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‘World-Earth systems’, we use it to highlight that human societies, their cultures, knowledge and artefacts (the ‘World’) should
now be included on equal terms in a new family of models to conduct systematic global analyses of the Anthropocene. A fully
co-evolutionary approach is needed, in the sense of representing social-ecological feedback dynamics across scales.

Future World-Earth modelling efforts will largely be pieced together from existing conceptualisations and modelling tools
and traditions of social and biophysical subsystems, which encode the state of the art in our understanding of the Anthropocene.
Current efforts in World-Earth systems modelling are highly stylised (e.g. Kellie-Smith and Cox (2011); Garrett (2015); Jarvis
etal. (2015); Heck et al. (2016); Nitzbon et al. (2017); Strnad et al. (2019)), or tend to be proof-of-concept prototypes (Beckage
et al., 2018; Donges et al., 2020). None operate yet in a process-detailed, well-validated and data-driven mode. To serve these
nascent efforts in enabling World-Earth systems analysis of the Anthropocene, this article addresses the core question of which
are the relevant categories within which World-Earth models, as essential scientific macroscopes (Schellnhuber, 1999), should
operate. The problem for both scientific integration and real-world application is that the characteristic basis of the interactions
of social and biophysical subsystems is often not explicit in current models. Often, the interactions between these subsystems
are not recognised at all. By framing a taxonomy around the current dominant distinctions — and disciplinary divides — we can
begin to explore links and feedback mechanisms between taxa in more structured, systematic and transdisciplinary ways. With
this taxonomy, we develop initial tools and terminologies that enable model builders and model users to be clear about their
social, cultural, epistemological and perhaps also axiological standpoints.

We want to emphasise that this taxonomic approach does not presuppose that there is “one world” (an ontological position)
when models of different worlds are combined, nor do we intend it to serve as a universal blueprint for models of essentially
everything. Instead, we argue that a taxonomy can help to focus modellers’ attention better on the ontological and epistemic
commitments within their models. This approach opens Earth system analysis to deeper dialogues with proponents of non-
human actors as shapers of the world (Latour, 2017; Morton, 2013), or even the possibility of no world at all (Gabriel, 2013).

While the present article proposes a conceptual basis for World-Earth modelling, the proposed taxonomy is employed in the
companion paper by Donges et al. (2020) to develop the operational World-Earth modelling framework copan:CORE. Here,
this framework is cast into software and applied to construct and study an example of a novel World-Earth model that seeks to
overcome the long-standing challenge of endogenising the choice of discount factors (describing how much societies value the

present relative to the future) in climate mitigation studies.
1.2 Structuring the landscape of global environmental change models

Diverse scientific modelling communities aim to capture different aspects of social-ecological dynamics embedded in the
Earth system up to planetary scales. Some processes operating in the Earth system are commonly described as being governed
by the "natural laws" and generalizable principles of physics, chemistry and (to some extent at least) ecology (for example,
atmosphere and ocean circulation as governed by the physical laws of fluid and thermodynamics), while others are thought to
be dominated by human behaviour, decision making and collective social dynamics (e.g., the regularities underlying individual
and social learning). This tendency for separate treatment of these different kinds of process in the natural and social sciences

gives rise to problems when dealing with the many real-world subsystems that operate in both domains simultaneously. What
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is more, different scientific communities use different methods and adhere to different viewpoints as to the nature and character
of such subsystems and their interactions. There is now a number of conceptualisations of social-ecological or coupled human-
environment systems in environmental, sustainability and Earth system science (e.g. Vernadsky (1929/1986); Schellnhuber
(1998); Fischer-Kowalski and Erb (2006); Jentoft et al. (2007); Biggs et al. (2012)) but we see a pressing need to structure
modelling efforts across communities, providing a joint framework while maintaining the conceptual flexibility required for
successful cross-disciplinary collaboration.

Here, we propose a taxonomic framework for structuring the multitude of subsystems that are represented in current mathe-

matical and computer simulation models. The motivation for proposing such an ordering scheme is:

1. to provide the means for collecting and structuring information on what components of social-ecological systems relevant

to global change challenges are already present in models in different disciplines,
2. to point out uncharted terrain in the Earth system modelling landscape, and

3. to provide the foundations for a systematic approach to constructing future co-evolutionary World-Earth models, where
feedback mechanisms between components can be traced and studied. This conceptual work aims to contribute to a
central quest of sustainability science (Mooney et al., 2013) that “seeks to understand the fundamental character of

interactions between nature and society.” (Kates et al., 2001).
1.3 Definitions and explanations of key terms

In this article, we use the term subsystem to refer to any dynamic component in models of World-Earth systems. In this broad
category, we can include both the kinds of subsystems that are governed mainly by “natural laws" of physics, chemistry or
ecology (e.g., seasonal precipitation, ocean nutrient upwelling) and those that are governed mainly by human behaviour, deci-
sion making and collective social dynamics (e.g., international food trade, carbon taxes). Many scientific communities similarly
make this distinction between biophysical (“natural”, ecological, environmental) subsystems and socio-cultural (social, human,
“anthroposphere") subsystems. We also highlight socio-metabolic subsystems at the overlap of societal and natural “spheres"
of the Earth system (Fig. 1). We suggest that explicit attention to these subsystems and their interactions is needed in order
to deepen the understanding of transformative change in the planetary social-ecological system, making a valuable contribu-
tion to the design and operational development of future, more comprehensive World-Earth models for charting sustainability
transitions into a safe and just operating space for humanity (Rockstrom et al., 2009a; Raworth, 2012; Dearing et al., 2014).

A further note on the term biophysical: here, we use this word as a shorthand term to refer to Earth’s interacting living
and non-living components, encompassing geophysical (climatic, tectonic, etc.), biogeophysical, biogeochemical and ecolog-
ical processes. These categories are significant in Earth system science because feedbacks involving these processes tend to
have different dynamic characteristics. Accordingly, they have been dealt with very differently in Earth system analysis and
modelling (Charney et al., 1977; Gregory et al., 2009; Stocker et al., 2013).

The co-evolution of Earth’s geosphere and biosphere is a central concept in Earth system science (Lovelock and Margulis,
1974; Budyko et al., 1987; Lovelock, 1989; Schneider et al., 2004; Lenton et al., 2004; Watson, 2008), but the global models
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that currently dominate the field represent just a snapshot of the system, focused on the biophysical dynamics that play out
over decades to centuries. We use the term co-evolution to describe the complex dynamics that arise from the reciprocal
interactions of subsystems, each of which changes the conditions for the future time evolution of the other (not excluding,
but not limited to processes of Darwinian co-evolution involving natural selection). Earth system models (ESMs) include
key physical feedbacks, and increasingly permit the investigation of biophysical feedbacks, but as we have indicated, they
lack socio-metabolic and socio-cultural subsystems, relying on narrative-based inputs for dealing with anthropogenic changes.
Integrated assessment models (IAMs) used in the global change context (Edenhofer et al., 2014; van Vuuren et al., 2016)
include some interactions of social and biophysical subsystems in order, say, to assess potential economic consequences of
climate change and alternative climate policy responses. But they lack the kinds of interactions and feedback mechanisms
(e.g., by impacts of climatic changes on socio-metabolic subsystems, or by the effects of socio-cultural formation of public
opinion and coalitions in political negotiations on environmental policies) that societies throughout history have shown to be
important which is revealed, e.g., by studies of social-ecological collapse and its connection to past climate changes (Weiss
and Bradley, 2001; Ostrom, 2009; Donges et al., 2015; Cumming and Peterson, 2017; Barfuss et al., 2020). To explore and
illustrate the consequences of these typically neglected interactions and feedbacks, we have studied a conceptual model that
gives rise to complex co-evolutionary dynamics and bifurcations between qualitatively different system dynamics: a model of
socially transmitted discount rates in a greenhouse gas emissions game, discussed in Section 4.

For completeness, we also provide brief definitions of our working terminology: a “link” or “interaction” is a causal influence
of one subsystem on another that is operationally non-decomposable into smaller links; a “mechanism” is a micro-description
of how exactly this causal influence is exerted; a “process” is a set of links that “belong together” from some suitable theoretical
point of view; a “loop” is a closed path in the network of links; and an “impact” of a link is the change in the target system
attributable to this link.

We should note here that this taxonomy is dealing with causal narratives from different scientific disciplines that are encoded
in models, and as such, it does not require any a priori theories and hypotheses about causality. Causal narratives are our
starting point because they are necessary for and are explicitly encoded in simulation modelling - and our classification lets us

interrogate them more systematically and exposes them explicitly.

2 A taxonomy of subsystems in World-Earth systems models

In this section, we introduce the biophysical (ENV), socio-metabolic (MET), and socio-cultural (CUL) taxa for classifying
subsystems in models of World-Earth systems (Fig. 1). For each taxon, we give examples of corresponding subsystems from
different modelling fields. We also discuss how the suggested taxonomy relates to earlier conceptualisations of human societies
embedded in and interacting with environmental systems (Sect. 2.4).

We have followed three guidelines in constructing this taxonomy for models of World-Earth systems:

1. Compactness, because we aim at a “top-level" framework that is useful and tangible, with as few classifications as

possible, covering the scope of co-evolutionary modelling research parsimoniously and in a self-containing way.

Reproduced from: J. E. Donges et al., Taxonomies for structuring models for World-Earth system analysis of the Anthropocene: subsystems, their
interactions and social-ecological feedback loops, Earth Syst. Dyn. Discuss., vol. 2018, pp. 1-30, 2018, doi: 10.5194/esd-2018-27. Published under
Creative Commons Attribution License 4.0 (CC BY).


https://doi.org/10.5194/esd-2018-27

120 WORLD-EARTH DYNAMICS IN THE ANTHROPOCENE: A COPAN READER 2013—-2021

Human societies

/ Socio-cultural taxon (CUL)

Models of behaviour and
interactions of human minds and
their immaterial legacies

(e.g., behavioural change, decision
making, opinion formation, social
network dynamics, policies, values)

7

Socio-metabolic taxon (MET)

Models of human-environment
interactions for social reproduction,
maintenance and growth

(e.g., infrastructure, demograph-
ics and agriculture)

Biophysical taxon (ENV)

PR

Nature

Models of natural Earth system
processes

(e.g., atmosphere and ocean
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Figure 1. Proposed taxonomy of subsystems in World-Earth systems models. The blue and green overlapping discs represent the current
discipline-based domains in which the subsystems and processes of nature, human societies, and their interactions are modelled. Our scheme
structures this continuum into three taxa (light grey layers) for model subsystems (dark grey discs): (i) a biophysical taxon (ENV), (ii) a
socio-metabolic taxon (MET), and a socio-cultural taxon (CUL). Links within and between these modelled subsystems (shown as black

arrows in the figure) can further be classified using a 3 x 3 taxonomy of interactions (Fig. 2, Sect. 3).

2. Compatibility with existing disciplines and research fields within, between and beyond the persistent natural/social sci-
ences divide, because we view the scientific endeavour of understanding links and feedbacks in co-evolutionary World-

Earth systems as an integrative and transdisciplinary opportunity.

3. Operative capacity for model classification and construction, because we want to advance efforts rapidly in World-Earth
modelling. This guideline differs from the previous two in that it deals with practical aspects of modeling. We include it
because it flags the need for critical reflection on the suitability of combined models for the tasks at hand. We want to be
able to expand the scope of modelling to be more inclusive, allowing more differentiation and well-founded permutations

of approaches.
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Models encode knowledge outside of the mind of the modeller, so these guiding principles are intended to ensure that
bridging across currently very distinct modelling approaches still permits tracing back how the techniques relate to the theories,
assumptions, and framings of the contributory disciplines.

The proposed taxonomy reflects the longstanding structure — and the underlying divides — of the scientific disciplines deal-
ing with the respective subsystems. We argue that it also provides a blueprint for navigating the fragmented modelling land-
scape and bringing new opportunities for cross-disciplinary bridging. The anthropocentric and dialectic distinction between
the realms of nature or “the environment” and of human societies has a long intellectual history. Deep philosophical and scien-
tific puzzles are connected with the attempts to draw a sharp distinction between these domains, and to satisfactorily integrate
properties such as mental states, intentions, and life itself.

With the progressive improvements in biophysical Earth system modelling (Reichler and Kim, 2008; Steffen et al., 2020)
and the concomitantly growing reliance on model-based insights for global decision-making over a wider range of urgent
sustainability issue (National Research Council, 2007; Rounsevell et al., 2014; Calder et al., 2018), as is the case for example
for the Paris climate agreement (UNFCCC, 2015) informed by the IPCC (Stocker et al., 2013; Barros et al., 2014; Edenhofer
et al., 2014) and the policy processes derived from it, these conceptually challenging issues can now have direct practical
implications. Illustration such different conceptions of Earth system processes, in models of the contemporary Earth system,
land vegetation can be treated as inanimate carbon, a transpiration “pump” affecting precipitation and soil moisture patterns
(e.g. Sitch et al. (2003)), or as the animate matter of biodiverse ecosystems that sustain human communities (e.g. (Purves
et al., 2013)). Similarly, different assumptions in models about non-material factors such as human rationality, cognition,
motivations, institutions and social connections lead to very different likelihoods for alternative sustainability pathways for the
world’s economies and material resource use (Donges et al., 2017b; Miiller-Hansen et al., 2017; Beckage et al., 2018; Otto
et al., 2020b).

For these reasons, we follow a pragmatic approach in proposing a taxonomic framework that draws upon examples and
allows for overlap between the domains of nature and human societies, where materiality meets intention (noting that in
complex social-ecological systems, purposeful intervention will be accompanied by unintended or unanticipated side effects).
Following this approach, modelled subsystems in the biophysical taxon are situated in the material domain of nature, those in
the socio-metabolic taxon lie in the overlap domain, and those in the socio-cultural taxon reside in the immaterial domain of

human cultures (Fig. 1).
2.1 Biophysical taxon

The biophysical taxon (ENV) contains the processes and subsystems that are typically included in current comprehensive
Earth system models, but views them from the perspective of the Anthropocene shift to human “co-control”. These subsystem
models are governed by deterministic and stochastic mathematical equations, often developed from first principles about the
physical relationships involved. There is a case for subdividing the biophysical taxon into an ecological subtaxon (subsystems
associated with life) and a geophysical subtaxon (subsystems not associated with life), since they have distinct, albeit co-

evolving dynamics (Vernadsky, 1929/1986; Lenton et al., 2004), and this subdivision would correspond to widely accepted
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geosphere/biosphere conceptualisations of the Earth system (Bretherton et al., 1986, 1988; Seitzinger et al., 2015). However, we
apply our principle of compactness, because geosphere-biosphere links and processes have been comprehensively documented
over the past few decades, as they underpin current Earth system and global integrated assessment modelling. Rather than
retracing these links (after all, the existing models are not going to be completely reconfigured in light of the issues we explore
in this paper), we have opted to take today’s state of the art in biophysical global modelling as our main point of departure,
following the principle of compatibility introduced above.

Earth system models have developed from coupled atmosphere-ocean general circulation models, progressively coupling
in components describing biogeochemical and biogeophysical dynamics. On decade-to-millennium time scales relevant for
the analysis of anthropogenic climate change and its medium-term consequences, examples of these modelled subsystems
where human-controlled dynamics are prominent concerns include atmospheric chemistry, ocean productivity, sea ice, land
vegetation, and major elemental cycles such as those of nitrogen, phosphorus, and sulfur (Bretherton et al., 1986, 1988).
Furthermore, as it becomes clearer that palacoclimate models can play a vital role in “deep future” studies of human-controlled
processes in the Anthropocene, Earth system dynamics operating on longer time-scales are relevant (Zeebe and Zachos, 2013;
Steffen et al., 2018). So for these purposes, the biophysical taxon would include subsystems involving the lithosphere (e.g.,
rock weathering, isostatic depression and rebound associated with the advance and retreat of ice sheets on land) and even
external drivers such as large-body impacts (Brugger et al., 2017), if these provide “natural experiments” or analogues for
future change.

Research fields dealing with models of subsystems belonging to the biophysical taxon include, among others, geophysics,
meteorology, oceanography, biology, ecology, biogeochemistry, and geology. Few of these sciences have yet grasped the
methodological and theoretical tools for dealing with the human dimensions of anthropogenic change. From our planetary-
scale perspective, the ENV taxon exhibits a substantial overlap with categories such as models of “the environment”, “nature”
or “ecology”, with their specific disciplinary connotations, although many of these models have tended to be small-scale,
context-specific and idiographic. An exception from this are global dynamic vegetation models such as LPJ (Sitch et al., 2003),
which focus, however, on representing the physical dynamics of ecological processes and structures in an Earth system con-
text and not on ecological dynamics as such (i.e., interactions between living organisms). We note a current drive for further
refinements of ecological dynamic network processes in large-scale modelling (Purves et al., 2013; Harfoot et al., 2014) within
the ENV taxon that may improve global-scale conceptualisations of ecosystems in ways compatible with both Earth system

modelling and socio-ecological systems research and resilience thinking.
2.2 Socio-metabolic taxon

The socio-metabolic taxon contains processes and subsystems that form the material basis and products of societies, making
direct interconnections between human societies and the biophysical environment that sustains them. This taxon comprises
models of demographics and social structure (e.g., population size, age/sex distribution, health parameters; and social cate-
gories with material or resource-use consequences, such as class, clan, caste, ethnicity). It also includes “the technosphere”:

society’s artefacts, factors of production and technologies (e.g. labour, land, capital, natural resources, raw material, energy;
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tools, machines, infrastructure; cultivated landscapes, domesticated animals and plants), and economic systems (manufactur-
ing, distribution and consumption of goods and services) (Haff, 2012, 2014; Mooney et al., 2013; Herrmann-Pillath, 2018).
The broad field of economics currently dominates descriptions of parts of the socio-metabolic taxon in quantitative models,
but many other disciplines such as geography, industrial metabolism, social ecology, and science and technology studies also
play a role. In modelling terms, this taxon typically involves representations of both the biophysical planet Earth and the socio-
cultural World of human societies. This implies hybrid models of the type that are currently included in Integrated Assessment
Models of global change, and entails strong simplifying assumptions. We suggest that our approach can bring much-needed
clarity and transparency about the role of such models in understanding World-Earth systems (c.f. van Vuuren et al. (2016)).
One should note that IAMs and economic models are typically expressed in terms of financial value and not material flows that
directly interact with subsystems in ENV (mostly empirical input-output theories of economics being an exception, Leontief

(1936)).
2.3 Socio-cultural taxon

The socio-cultural taxon contains processes and subsystems that are described in models of the behaviour of human minds and
their immaterial legacies, abstracted from their biophysical foundations and often described as lying in the realm of human
agency (Otto et al., 2020b). Of the three taxa proposed, processes and subsystems in the socio-cultural taxon are the least
formalised in mathematical and computer simulation models so far, despite substantial efforts in this direction in many fields of
the social sciences (e.g. Farmer and Foley (2009)) and a likelihood that they may be only partly formalizable. Research fields
dealing with models of processes and subsystems in the socio-cultural taxon include sociology, anthropology, behavioural
economics, political science and social ecology. Our taxonomic approach can enable the diverse modelling activities now
underway to engage more directly with the incipient World-Earth modelling effort.

Examples of modelled subsystems in this taxon include individual and collective opinions, behaviours, preferences, and
expectations and their social network dynamics; information and communication networks; institutions and organisations; fi-
nancial markets and trade; political processes; social norms and value systems (Mooney et al., 2013). Notably, the CUL taxon
can also include processes of digital transformation and artificial intelligence that increasingly restructure and shape the socio-
cultural sphere of human societies. It also provides a locus for debating the challenge of reflexiveness in science, especially in
fields where modelling plays a vital role in shaping knowledge and action (Yearworth and Cornell, 2016). For instance, future
World-Earth modelling will have to grapple with ways to recognize Earth system science as an endogenous generator of scien-
tific conceptions of ‘Earth’. Relevant for modelling efforts, socio-cultural subsystems can vary on substantially different time
scales. Near instantaneous information exchanges are possible on online social networks and within and between increasingly
advanced algorithms (e.g. algorithmic trading systems on financial markets), while elections and governance processes act
on the order of years. Formal institutions (e.g. laws) change on the order of decades and informal institutions (e.g. religions)

develop over time frames on the order of centuries to millennia (Williamson, 1998; Otto et al., 2020a).
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2.4 Relations to other conceptualisations of social-ecological systems

Our model-centred taxonomy is inspired by previous systemic conceptualisations of human societies embedded in the Earth
system, building upon them in a way that may help to bridge across diverse disciplines and theoretic traditions.

In one of the earliest Earth system conceptualisations, Vernadsky (1929/1986) distinguishes the inanimate matter of the
geosphere, the living biosphere, and the noosphere of networked consciousness, the latter reverberating in recent conceptu-
alisations of the technosphere and planetary human-Earth system interactions (Herrmann-Pillath, 2018; Lenton and Latour,
2018). Along these lines, Schellnhuber (1998, Fig. 34) introduced the ecosphere (directly corresponding to our ENV taxon,
entailing geophysical and ecological interactions), the anthroposphere (broadly related to MET, but with some socio-cultural
features), and the global subject (closely related to CUL).

Conceptualisations in resilience theory, ecological economics and sustainability science emphasise the interactions and inter-
dependence of biosphere and society (Brundtland, 1987; Folke, 2006; Folke et al., 2011), with many sustainability practitioners
adding the economy to make “three pillars” or a “pie of sustainability" consisting of economy embedded in society embedded
in biosphere (Folke et al., 2016). These fields have typically focused on local to regional geographic scales or specific sectors,
and have not placed much emphasis on global modelling, but in general terms, their view of society contains aspects of our
MET taxon, while “the economy” is more restricted than MET. Herrmann-Pillath (2020) argues that the field of ecological
economics would benefit from more attention to the creative processes of ‘art’, which we would frame as CUL aspects that
are largely absent from current conceptualisations in that field and also more broadly (as also argued by Jax et al. (2013);
Woroniecki et al. (2020)).

Fischer-Kowalski and Erb (2006) explicitly develop the concept of social metabolism, in terms of the set of flows between
nature and culture, in order to describe deliberate global sustainability transitions. Governance-centred classification schemes
in social-ecological systems research (Jentoft et al., 2007; Biggs et al., 2012), in the tradition of Ostrom (Ostrom, 2009), can
also be brought into our taxonomy. Categories of the governance (sub)system link CUL and MET, and the (sub)system to be
governed (ENV and MET) links the biophysical resources to be used with the social agents who will use them.

The taxonomy approach means that things that were previously included in models as opaque and unquestioned systems can
be unpacked and critically examined. This would be of particular benefit to model users who were not the model builders. For
example, education may be explicitly linked to demography (as in various integrated assessment models), so typically would
be treated as a quantifiable and accumulable process in the MET taxon: i.e., investment in women’s education results in a lower
birth rate and therefore less future land use. In CUL, education would perhaps be treated in a more relational way - dealing

with the spread of ideas, development of communities, changes in power structures etc.

3 Taxonomy of subsystem interactions in World-Earth systems models

In this section, we describe a taxonomy of modelled interactions between subsystems that builds upon the taxonomy of sub-
systems. The three taxonomic classes for World-Earth subsystems give rise to nine taxa for directed interactions connecting

these subsystems. Given a pair of taxonomic classes of subsystems A and B, the taxonomic class for directed interactions

10
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between A and B is denoted as A — B. Here, a directed interaction is understood in the sense of a modelled subsystem in
A exerting a causal influence on another modelled subsystem in B. For example, greenhouse gas emissions produced by an
industrial subsystem in MET that exert an influence on the Earth’s radiative budget in ENV would belong to the interaction
taxon MET — ENV. Three of the nine interaction taxa correspond to self-interactions within taxa, while six interaction taxa
connect distinct subsystem taxa (Fig. 2).

In the following, we focus on describing examples of such modelled interactions between pairs of subsystems that are
potentially relevant for future trajectories of World-Earth systems in the Anthropocene and give examples of published models
containing them. The content presented in the subsections necessarily differs in scope and depth reflecting today’s dominant
modelling priorities, but we have aimed to ensure the information is comparable. All subsections below provide (i) a general
description of the interaction taxa with some examples, and (ii) a summary of how these interactions are represented in current
models.

Furthermore, possible extensions of our taxonomic approach to classify feedback loops and more complex interaction net-
works between subsystems are discussed (Sect. 3.10). We acknowledge that finding a conceptualisation that is satisfactory for
all purposes is unlikely, but our particular pragmatic taxonomy can be useful for constructing models of World-Earth systems.
It has already proven fruitful in the development of the copan:CORE open World-Earth modelling framework (Donges et al.,
2020) by guiding the choice of process classes and entities that can be described in the framework as well by defining the

coupling interfaces of model components that can be integrated using copan:CORE.
3.1 ENV — ENV: Biophysical Earth system self-interactions

This taxon encompasses interactions between biophysical subsystems of the type studied in current process-detailed Earth
system models such as those in the CMIP5 model ensemble (Taylor et al., 2012) used in the IPCC reports (Stocker et al.,
2013). For example, this includes modelled geophysical fluxes of energy and momentum between atmosphere and ocean,
interactions between land vegetation, atmospheric dynamics and the hydrological cycle, or, more generally, exchanges of
organic compounds between different compartments of biogeochemical cycles (excluding human activities here).

A detailed representation of these biophysical interactions is largely missing so far in current first attempts at modelling
social-ecological dynamics at the planetary scale (e.g. Kellie-Smith and Cox (2011); Heck et al. (2016)). However, emerging
socio-hydrological (Di Baldassarre et al., 2017; Keys and Wang-Erlandsson, 2017) and agent-based land-use dynamics models
at regional scales (Arneth et al., 2014; Rounsevell et al., 2014; Robinson et al., 2017) include some processes involving

interactions between biophysical subsystems such as the atmosphere, hydrological cycles and land vegetation.
3.2 ENV — MET: Climate impacts, provisioning and regulating ecosystem services, etc.

This taxon describes modelled interactions through which biophysical subsystems exert an influence on socio-metabolic sub-
systems. Relevant examples in the context of global change in the Anthropocene include the impacts of climate change on hu-

man societies (Barros et al., 2014) such as damages to settlements, production sites and infrastructures and supply chains (Otto
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Figure 2. Taxonomic matrix for classifying directed interactions between subsystems in World-Earth systems models. This 3 x 3 classification
system builds upon the taxonomy of three classes for subsystems introduced in Sect. 2. The unshaded matrix elements (here containing
examples of interactions) correspond to the interaction arrows drawn between the three subsystem taxa shown in Fig. 1. Shaded elements
correspond to self-interactions. The examples for directed interaction mechanisms given in the matrix elements are indicative and based on

our particular areas of research.
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et al., 2017), impacts on agriculture or human health, but also provisioning and regulating ecosystem services such as resource
flows (Millennium Ecosystem Assessment, 2005).

Some of these interactions such as climate change impacts are now being included in IAMs (a prominent example being
the DICE model, Nordhaus (1992)) and stylised models (for example Kellie-Smith and Cox (2011) and Sect. 4), but there
remain challenges, e.g. in estimating damage functions and the social cost of carbon (Nordhaus, 2017). Influence from weather
and climate on agriculture are studied on a global scale using model chains involving terrestrial vegetation models such as
LPJ (Sitch et al., 2003) and agricultural economics models such as MAgPIE (Nelson et al., 2014). As another example, models
of the distribution of vector-born diseases such as Malaria are employed to assess the impacts of climate change on human
health (Caminade et al., 2014).

3.3 ENV — CUL: observation, monitoring, cultural ecosystem services, etc.

This taxon contains modelled interactions through which the state of the biophysical environment directly influences socio-
cultural subsystems. These links can be mediated through the observation, monitoring and assessment of environmental change
from local to global scales (e.g., chemical pollution, deforestation or rising greenhouse gas concentrations in the atmosphere)
by social actors that in turn are processed by public opinion formation and policy making in socio-cultural subsystems (Mooney
et al., 2013). The links described by the ENV — CUL taxon also relate to cultural identity connected to the environment, sense
of place (Masterson et al., 2017), and more generally what has been described as cultural ecosystem services (Millennium
Ecosystem Assessment, 2005). For example, Beckage et al. (2018) have modelled the effect of changes in extreme events
resulting from climate change on risk perception of individuals. Changes in risk perception may result in changes in emission
behaviour given the perceived behaviour of others (social norms) and structural conditions in society, thus feeding back on
future climate change.

ENV — CUL also play a role in regional-scale models of poverty traps where decline in natural capital reduces traditional
ecological knowledge as a form of cultural capital (Lade et al., 2017b), or in models of human perceptions of local scenic
beauty in policy contexts (Bienabe and Hearne, 2006). At the moment, most models deal with these interactions only at a
sub-global level. But there is increasing recognition of the need for the more dynamic understanding that formal modelling
can provide of such complex psychologically and culturally mediated aspects of human behavior in the Anthropocene (Schill
etal., 2019).

3.4 MET — MET: economic and socio-metabolic self-interactions

This taxon describes modelled interactions between MET subsystems that connect the material manifestations and artefacts
of human societies. Examples include the energy system driving factories, supply chains connecting resource extractors to
complex networked production sites or machines constructing infrastructures such as power grids, airports and roads.

Certain processes involving such interactions, e.g. links between the energy system and other sectors such as industrial
production, are represented in [AMSs in an abstracted, macroeconomic fashion. There exist also agent-based models resolving

the dynamics of supply chains that allow to describe the impacts of climate shocks on the global economy in much more detail
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(e.g. Otto et al. (2017)). Another class of examples are population models that may include factors such as the influence of
income on fertility (Lutz and Skirbekk, 2008). However, to our best knowledge, process-detailed models of the socio-industrial
metabolism (Fischer-Kowalski and Hiittler, 1998; Fischer-Kowalski, 2003) or the technosphere (Haff, 2012, 2014) comparable

in complexity to biophysical Earth system models have not been published so far.

3.5 MET — ENV: greenhouse gas emissions, land-use change and biodiversity loss, impacts on other planetary

boundary processes, etc.

This taxon encompasses modelled influences exerted by socio-metabolic subsystems on the biophysical environment including
various forms of the “colonisation of nature” (Fischer-Kowalski and Haberl, 1993). Prominent examples in the context of global
change and sustainability transformation include human impacts on the environment addressed by the planetary boundaries
framework (Rockstrom et al., 2009a, b; Steffen et al., 2015) such as anthropogenic emissions of greenhouse gases (Stocker
et al., 2013), nitrogen and phosphorous, other forms of chemical pollution and novel entities (e.g., nano particles, genetically
engineered organisms), land-use change and induced biodiversity loss, exploitation and use of natural resources (Perman,
2003). This taxon also includes various forms of the conversion of energy and entropy fluxes in the biophysical Earth system
by human technologies such as harvesting of renewable energy by wind turbines and photovoltaic cells (Kleidon, 2016) or
different approaches to geoengineering (Vaughan and Lenton, 2011).

The interactions described by the MET — ENV are central in IAM and ESM studies of the global environmental impacts
of human activities in the Anthropocene such as anthropogenic climate change as driven by greenhouse gas emissions and
land-use change (Barros et al., 2014; Edenhofer et al., 2014). The latter two key processes are also frequently included in
emerging studies of planetary social-ecological dynamics using stylised models (Kellie-Smith and Cox, 2011; Anderies et al.,
2013; Heck et al., 2016; Heitzig et al., 2016; Lade et al., 2017a; Nitzbon et al., 2017).

3.6 MET — CUL: needs, constraints, etc.

This taxon describes modelled influences and constraints imposed upon socio-cultural dynamics by the material basis of hu-
man societies (socio-metabolic subsystems). These include, for example, the effects, needs and constraints induced by the
biophysical “hardware” that runs socio-cultural processes: infrastructures, machines, computers, human bodies and brains, and
associated availability of energy and other resources. It also includes the effects of technological evolution, revenues gener-
ated from economic activity, supply of valued goods, e.g. on opinion formation and behavioural change in the socio-cultural
domain, or the consequences of change in demographic distribution of pressure groups on political systems and institutions.

As arecent example, the Beckage et al. (2018) model mentioned above (Sect. 3.3) has one parameter to reflect structural con-
straints in society that affects the degree to which emission behaviour can be changed. MET — CUL links also appear in models
of resource use in social-ecological systems, where social learning of harvesting effort depends on the harvest rate (Wiedermann
et al., 2015; Barfuss et al., 2017; Geier et al., 2019) and fish catches influence perceptions about the state of the fishery (Martin
and Schliiter, 2015; Lade et al., 2015), or in models of economic impacts on individual voting behaviour (Lewis-Beck and
Ratto, 2013).
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3.7 CUL — CUL: socio-cultural self-interactions

This taxon contains modelled self-interactions between subsystems in the socio-cultural domain that have been described
as parts of the noosphere (Vernadsky, 1929/1986), the global subject (Schellnhuber, 1998), or the mental component of the
Earth system (Lucht and Pachauri, 2004). Examples include the interaction of processes of opinion dynamics and preference
formation on social networks, governance systems and underlying value systems (Gerten et al., 2018) as well as interactions
between different institutional layers such as governance systems, formal and informal institutions (Williamson, 1998; Otto
et al., 2020a).

Some of these processes related to human behaviour and decision making (Miiller-Hansen et al., 2017) have already been
studied in models of social-ecological systems on local and regional scales (Schlueter et al., 2012; Schliiter et al., 2017) and
have been modelled in various fields ranging from social simulation to the physics of social dynamics (Castellano et al., 2009).
However, they are so far largely not included in IAMs of global change or stylised models of planetary social-ecological

systems (Verburg et al., 2016; Donges et al., 2017a, b).
3.8 CUL — ENYV: environmental governance, nature conservation areas, social taboos, sacred places etc.

This taxon encompasses modelled influences that socio-cultural subsystems exert on the biophysical environment. An example
for such a class of interactions is environmental governance realized through formal institutions (Ostrom et al., 2007; Folke
etal., 2011), where a piece of land is declared as a nature protection area excluding certain forms of land-use which has a direct
impact on environmental processes there. Similarly, nature protection areas for biodiversity conservation have been represented
in marine reserve models (Gaines et al., 2010). Another related example for CUL — ENV links are nature-related values
and informal institutions such as respecting sacred places in the landscape and following social taboos regarding resource
use (Colding and Folke, 2001). Different forms of environmental governance have been modelled via so-called decision or
sustainability paradigms (Schellnhuber, 1998; Barfuss et al., 2018; Heitzig et al., 2018).

Direct CUL — ENV links arguably cannot be found in the real world, in that socio-cultural influences on environmental
processes must be mediated by their physical manifestations in the socio-metabolic domain (e.g. in the case of nature protection
areas through the constrained actions of resource users, government enforcement efforts and infrastructures such as fences).
However, such direct CUL — ENV links may be implemented in models, even on the global scale, such as in trade-off

assessments of multiple land-uses (e.g. Boysen et al. (2017); Phalan (2018)).
3.9 CUL — MET: socio-economic policies and governance choices, value-driven consumption, etc.

Finally, this taxon contains modelled links pointing from socio-cultural to socio-metabolic subsystems. Examples include
socio-economic policies and governance choices such as taxes, regulations or caps that influence the economy (e.g. carbon
caps or taxes in the climate change mitigation context) or demographics (e.g. family planning and immigration policies)

as well as the physical manifestations of financial market dynamics such as real estate bubbles. CUL — MET interactions
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also encompass the influence of cultural values, norms and lifestyles on economic demand and consumption and consequent
changes in industrial production, building, transportation and other sectors.

Policy measures such as taxes, regulations or caps are much studied by IAMs of anthropogenic climate change (Edenhofer
et al., 2014), while influences of value and norm change on economic activities such as general resource use (Wiedermann
et al., 2015; Barfuss et al., 2017; Geier et al., 2019) and fishing (Martin and Schliiter, 2015; Lade et al., 2015) has been studied

in the social-ecological modelling literature, but at a mostly local to regional level.
3.10 Higher-order taxonomies of feedback loops and more complex interaction networks

Beyond the taxonomy of interactions introduced above, higher-order taxonomies could also be derived. For example, a taxon-
omy of feedback loops can be derived from the 3 x 3 taxonomy of links, leading to six taxa for feedback loops of length two in
models of World-Earth systems: given a pair of interaction taxa A — B and B — A, the resulting taxon for loops between A
and B may be denoted as A O B. Many such feedback loops relevant for sustainability are not or only rigidly treated in current
ESMs and IAMs. For example, the ENV O MET feedback loop is typically not sufficiently represented in IPCC-style analyses,
because the impacts of climate change on human societies are not explicitly modelled or ill-constrained in IAMs (Sect. 3.5).
Furthermore, feedback loops of the type CUL O X, where X may be subsystems from ENV, MET or CUL are mostly missing
altogether, not the least because CUL is not represented, or only fragmentarily included, in current ESMs and IAMs.

Longer and more complex paths and subgraphs of causal interactions between subsystems could be classified by further
higher-order taxonomies (e.g. inspired by the study of motifs, small subgraphs, in complex network theory, Milo et al. (2002)).
This approach quickly leads to a combinatorial explosion, e.g. for 3-loops of the type A — B — C' — A involving three
modelled subsystems A, B,C' and their interactions enumeration and counting of all possible combinations shows that there
are already 11 distinct taxa for feedback loops of this kind. However, there are systematic methods available for classifying
and clustering causal loop diagrams that could be leveraged to bring order into more complex models of World-Earth systems
(Van Dijk and Breedveld, 1991; Rocha et al., 2015). Overall, such higher-order taxonomies could help in the design of models
or model suites that can deal with different aspects of (nonlinear) interactions between World-Earth subsystems and serve as

tools for understanding the emergent co-evolutionary macrodynamics.

4 An exemplary model showing complex co-evolutionary dynamics in a World-Earth system

At present, to our best knowledge, process-detailed World-Earth models that are comprehensive in the sense of the proposed
taxonomies are not available. Therefore, in this section, we give an illustrative example of a stylised World-Earth system model
that covers all classes of real-world processes that appear relevant in major global feedbacks. Even such a very simple World-
Earth system model can contain a social-ecological feedback loop involving subsystem interactions introduced above (Sect. 3),
and leading to a biophysical Earth system dynamics that depends crucially on a social-cultural evolution and vice versa. We

also demonstrate how the taxonomies described above can be applied to classify model components and reveal the interaction
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structures that are implicit in the model equations. The companion paper of this article applies the taxonomies to develop a
more complex illustrative World-Earth model using the copan:CORE framework (Donges et al., 2020).

The example model studied here, copan:DISCOUNT, describes a world where climate change drives a change of countries’
value systems, represented here just by the long-term discount factors their governments use in policy-making, which can be
interpreted as their relative interest in future welfare as opposed to current welfare. These discount factors drive countries’
emissions and thus in turn drive climate change, represented by a global atmospheric carbon stock. While the detailed descrip-
tion of the model’s assumptions below will make clear that this causal loop involves eight of the nine interaction taxa shown
in Fig. 2, the model is so designed that the description of the resulting dynamics from all these interactions can be reduced to
just two ordinary differential equations, one for the fraction of “patient” countries and one for atmospheric carbon stock. The
novelty of this model is that it endogenises socially transmitted choice of discount rates in a greenhouse gas emissions game to
illustrate the effects of social-ecological feedback loops that are so far typically not considered in current climate economics
and IAM modelling efforts.

The aim of this particular model design is to show clearly that while the taxonomy developed in this paper aims at being
helpful in designing and analysing World-Earth models, this does not mean the different taxa need always be easily identifiable
from the final model equations.

Before relating its ingredients to the introduced taxa, let us describe the model without referring to that classification. In our
model, we assume that each country’s metabolic activities are guided by a trade-off between the undesired future impacts of
climate change caused by global carbon emissions, and the present costs of avoiding these emissions domestically. Similar to
the literature on international environmental agreements and integrated assessment modelling, this tradeoff is modelled as a
non-cooperative game between countries applying cost-benefit optimisation. The tradeoff and hence the evolution of the carbon
stock is strongly influenced by the discount factor J that measures the relative importance a country assigns to future welfare
as compared to present welfare. The higher J, the more a country cares about the future and the more they will reduce their
emissions in order to avoid future climate impacts. While the economic literature treats ¢ as an exogenous parameter that has
to be chosen by society (e.g., Arrow et al. (2013)), our model treats § as a social trait that changes in individual countries over
time because countries observe each other’s welfare and value of § and may learn what a useful J is by imitating successful
countries and adopting their value of J. Because of the existence of climatic tipping points, this social dynamics does not only
influence the state of the climate system but is in turn strongly influenced by it. Depending on whether the system is far from
or close to tipping points, the trade-off between emissions reduction costs and additional climate damages can turn out quite
differently and different values of § will be successful.

Let us now present and decompose the model’s basic causal loop in terms of the above introduced taxonomy, as shown in
Fig. 3, starting in the central box. The countries’ metabolisms (MET) combust carbon (MET — MET), leading to emissions
(MET — ENV) that increase the global atmospheric carbon stock C' (ENV), part of which is then taken up by other carbon
reservoirs (ENV — ENV). C increases global mean temperature, leading to climate change (ENV — ENV) and thus to future
climate impacts (i) on the countries’ metabolisms (ENV — MET) and (ii) on aspects of the environment people care about,

such as biodiversity (ENV — ENV — CUL). Countries evaluate these expected damages (MET — CUL; ENV — CUL)
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Figure 3. Planetary social-ecological processes and interactions represented in the copan:DISCOUNT model displayed in matrix form

following Fig. 2. The co-evolutionary cycle of dynamic interdependencies implemented in the model is indicated by the grey arrow.

and the costs of avoiding emissions (MET — CUL), use their respective discount factors (CUL), which they learn by imitation
(CUL — CUL), to assess possible domestic emissions constraints, then reach a strategic equilibrium with other countries (CUL
— CUL) and implement the chosen emissions constraints (CUL — MET), this closing the long loop.

In the statistical limit of this model for a large number of countries, derived in detail in the Appendix A, this complex

feedback dynamics is nicely reduced to just two equations,

C =Ey—cs(C)p(F) —rC, )]
F=(F(1—F)[P(D(C,F))—P(-D(C,F))], )

where C is excess atmospheric carbon stock and F' the fraction of “patient” countries (those that apply a large value of §),
and where s(C) is a damage factor, ¢(F) is a certain linear transformation of F', D(C, F) is the utility difference between a
country using discount factor « and a country using 3, and P(D) is a resulting imitation probability, all these derived in detail
in the Appendix A. Some of the various terms in these formulas can be classified clearly as belonging to one taxon, e.g., BAU

emissions Ey belong to MET — ENV, carbon-uptake —rC' to ENV — ENV, and the imitation probability P(D) to CUL —
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CUL. But others cannot, e.g., certain terms occurring in the formula for D combine climate damages s(C') (ENV — MET —
CUL) with countries’ values systems, represented by ¢(F') (CUL). The dynamics are governed by about a dozen parameters
controlling the relative speeds and intensities of subprocesses, costs and benefits of emissions reductions, and details of the
learning-by-imitation process, as described in the Appendix (Sect. A).

Let us analyse a typical dynamics of the model, shown in Fig. 4, and relate it again to our taxonomy of subsystem interactions.
Consider the middle green trajectories in the lower panel starting at a low atmospheric carbon stock of C' = 1 (fictitious units)
and a medium fraction of patient countries of ' = 0.5 (green dot). At this point, both patient and impatient countries evaluate
the state of the world very similarly, hence not much imitation of discount factors happens (weak CUL — CUL dynamics), so
that F' may fluctuate somewhat but is not expected to change much. At the same time, as the climate damage curve (middle
panel) is still relatively flat, global emissions are higher than the natural uptake rate (strong MET — ENV influence), and C'
is likely to increase to about 1.7 without I’ changing much. During this initial pollution phase, climate damages increase (the
ENV — MET/CUL links becomes stronger) and the slope of the damage curve increases as more climatic tipping points are
neared or crossed. This decreases the patient countries’ evaluations faster than the impatient countries’, hence patience becomes
less attractive and countries fatalistically decrease their discount factor, so that F' declines to almost or even exactly zero (the
CUL — CUL dynamics becoming first stronger then weaker again) while C' grows to about 3.0. In that region, most tipping
points are crossed and the damage curve flattens again, causing the opposite effect, i.e., making patience more attractive. If the
idea of patience has not “died-out” at that point (i.e., F' is still > 0), discount factors now swing to the other extreme with F’
approaching unity (CUL — CUL dynamics becoming temporarily very strong), shown by one green trajectory, while emissions
are first almost in equilibrium with natural carbon uptake at about C' = 3.2 (weak MET — ENV effect) and then decline ever
faster once the vast majority of countries got patient (stronger MET — ENV). This trajectory finally converges to the stable
steady state at a low carbon stock of about C' = 1.5 and F' = 1. Note that there is also some small probability that this point
is reached much faster without the long detour if the stochastic social dynamics at the starting point give patience a random
advantage, as on two of the plotted trajectories.

As is typical in models with various interactions, changes in their relative interaction rates can cause highly nonlinear and
even qualitative changes in model behaviour. A comparison of the top and bottom panels in Fig. 4 (see also its caption) shows
that this is in particular true for World-Earth models when the rates of socio-cultural processes of the CUL — CUL type are
changed (as can be claimed is indeed happening in reality since the middle of the 20th century). It should be emphasised
again that these socio-cultural processes are specifically those that are least or not at all represented in current models of
global change, pointing to the necessity and expected progress in understanding when including them in more comprehensive
World-Earth models.

Overall, the DISCOUNT model provides a first test of the taxonomy’s guiding principles. It demonstrates the taxonomy’s
operative capacity to trace links between established dynamical systems methodology and macro behaviour; it is compatible
with diverse research fields, here linking, among others, carbon cycles and social learning; and it has appropriate compactness,
since tracing the loops and flows between taxa in this World-Earth model do not make us need to rethink the whole structure

of the taxonomy.
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Figure 4. Typical dynamics of the copan:DISCOUNT model of the co-evolution of the global atmospheric carbon stock C' and the time
preferences of countries, represented by the fraction F' of patient countries. Of five simulated stochastic trajectories (top and bottom panel,
green lines) starting at the same initial state (green dot), some will converge fast to the more desirable stable steady state at C'~ 1.5, F' =1
where climate damages (middle panel) are still relatively low, while other trajectories will approach the less desirable focus point (spiralling
steady state) at C' = 2.8, ' = 0.35 where climate damages are relatively high. Depending on whether countries adjust their time preferences
slowly (top panel) or fast (bottom), that focus point is either a stable attractor catching most trajectories that come near it (top) or an unstable
repeller which many trajectories have to compass to approach the desirable state after a long transient detour of high damages (bottom).
Blue lines show the average development represented by two ordinary differential equations (see Appendix A for details), red lines are the
corresponding nullclines (thin: F= 0, thick: C= 0), and their other intersection at C' = 2, F' ~ 0.6 is a saddle point. Parameters: Fp = 1.6,

c=1,r=0.45,1=0.2 (top) or 1.3 (bottom), y=1.1, u=2,0=1,=0.1,a=0.5,G=2, N =50, po = 0.5, ¢ = 3.
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5 Conclusions

In this article, we have presented a taxonomy of processes and co-evolutionary interactions in models of World-Earth systems
(i.e. planetary-scale social-ecological systems). For reasons of compactness and compatibility with existing research fields and
methodologies we have proposed three taxa for modelled subsystems, and furthermore described a classification of modelled
interactions between subsystems into nine taxa. We have illustrated the clarity that this taxonomic framework confers, using
a stylised model of social-ecological co-evolutionary dynamics on a planetary scale that includes explicitly socio-cultural
processes and feedbacks.

We argue that a relatively simple taxonomy is important for stimulating the discourse on conceptualisations of World-Earth
systems. It can help with operational model development as is illustrated by the work reported in the companion paper (Donges
et al., 2020). The proposed taxonomy can also help in interdisciplinary communication, model critique, and potentially even
participatory modelling processes by providing an organisational scheme and a shared vocabulary to refer to the different
components that need to be brought together. However, we acknowledge that alternative, more detailed taxonomies can be
beneficial in more specialised settings, e.g. ecological processes are now subsumed in the biophysical taxon, but it may be
useful to distinguish them from the geophysical for a clearer understanding of interactions with the socio-metabolic taxon.
In other contexts, it may be useful to establish a socio-epistemic taxon separate from the socio-cultural taxon for describing
subsystems, processes and interactions involving, for example, symbolic representations and transformations of knowledge
through science and technology (Renn, 2018). Along these lines, our framework may be helpful as a blueprint for constructing
such alternative, possibly more detailed taxonomies.

Throughout the paper, we have illustrated the taxonomic framework using examples of subsystems, processes and inter-
actions that are already represented in mathematical and computer simulation models in various disciplines. We have not
attempted to provide a comprehensive classification of all such modelling components that would be relevant for capturing
future trajectories of World-Earth systems in the Anthropocene. Neither have we addressed dynamics beyond the reach of
current modelling capabilities, such as long-term evolutionary processes acting within the biophysical taxon or broad patterns
and singularities in the dynamics of technology, science, art and history (Turchin, 2008). But we have shown the merits of
epistemological pluralism, to enable productive dialogue and interaction between the diversity of World modelling approaches
and the biophysical Earth representations that exist and that have agency in a Latourian sense, e.g. through the IPCC processes.

Applying the proposed taxonomy reveals relevant directions in the future development of models of global change to appro-
priately represent the dynamics of up to planetary-scale social-ecological systems in the Anthropocene. Regarding the sticky
problem of representing causality in such a complex system, every possible contributory model is a Pandora’s box out of which
theoretical controversies and cross-disciplinary battles emerge. The taxonomy outlined here at least partly illuminates what
is in this box, making it easier to have more open discussions among modellers about their theories and hypotheses about
causality.

While current Earth System Models focus exclusively on representing biophysical subsystems and their interactions and

Integrated Assessment Models capitalise on those in the socio-metabolic taxon, socio-cultural subsystems and processes such
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as the dynamics of opinions and social networks, behaviours, values and institutions and their feedbacks to biophysical and
socio-metabolic subsystems remain largely uncovered in planetary-scale models of global change. Integrating these decisive
dynamics in World-Earth Models is a challenging, but highly promising research programme (Schellnhuber, 1998, 1999;
Steffen et al., 2020) comparable to the development of biophysical Earth system science in the past decades following the
foundational blueprints of Bretherton et al. (1986, 1988). We use the copan:DISCOUNT model to demonstrate the value of
the taxonomy for tracing how dynamics and feedbacks loop through different taxa, enabling better model design and com-
munication about path-breaking approaches to World-Earth modelling. Following this track will help to develop models that
go beyond a climate-driven view of global change and to bridge the “divide" that keeps being spotlighted as the problematic
hyphen in prevalent social-ecological/human-nature/etc system concepts. It will also contribute to a deeper understanding of
the functioning of complex World-Earth systems machinery in the Anthropocene. By supporting the development and discus-
sion of new family of models, and not by pushing for a rigid and universalising model of everything, applying the taxonomy
promises to yield important insights on well-designed policy interventions to foster global sustainability transformation, build

World-Earth resilience and avoid social-ecological collapse.
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Appendix A: The copan:DISCOUNT model

The illustrative model copan:DISCOUNT simulates the co-evolution of C' > 0, the excess global atmospheric carbon stock
above an equilibrium value that would be attained for zero GHG emissions, and the fraction F' € [0, 1] of the world’s countries
that care strongly about their future welfare. While C represents the macroscopic state of nature, F' represents the macroscopic
state of the global human society.

As the derivation of the model below will show, the time evolution of C' and F is eventually given by Egs. 1 and 2. Their
governing parameters are business-as-usual emissions Ey > 0, an abatement cost factor ¢ > 0, a carbon uptake rate > 0, a
learning rate ¢ > 0, a damage coefficient v > 0, a mean tipping point location x > 0 and spread o > 0 , two candidate discount
rates 0 < 8 < a < 1, an economic growth factor G > 1, the total number of countries [N > 0, a curiosity parameter 0 < pg < 1,
and a myopic rationality parameter ¢ > 0. The equations are derived by combining a standard emissions game model from the
literature on international environmental agreements (Barrett, 1994) with a social imitation dynamics that governs the evolution

of the countries’ time discounting factors as follows.
Al Countries, welfare

At each point in continuous time, ¢, a number of N > 1 similar countries, ¢, choose their individual abatement levels (carbon

equivalents per time), a;(t) > 0. Global abatement and carbon emissions per time (an interaction of type MET — ENV) are
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then
N
At) =3 ailt), E(t) = Eo — A1), (A1)

where Ey > 0 are global “business-as-usual” emissions.

Country 4 chooses a;(t) rationally but myopically, only taking into account its own welfare in the present and in “the
future” (after a fixed time interval of, say, fifty years). Its present welfare, W2(t), is given by some business as usual welfare,
normalised to unity, minus the costs of emissions reductions (MET — CUL), which are a quadratic function of a;(t) as usual
in stylised models of international environmental agreements (Barrett, 1994),

a; (t)2

Wi =1~ 2¢/N’

2

(A2)

where ¢/N > 0 is a cost parameter that is normalised with NV to make the Nash equilibrium outcome (see below) independent
of N.

Country i’s “future” welfare (belonging to MET), W/ (¢), is a higher business-as-usual welfare given by a growth parameter
G > 1, minus the value of additional damages from climate change caused by the present emissions, which are a linear function
of E(t):

Wi (t) =G —s(C(1)B(t), (A3)

where s(C(t)) > 0 is a damage factor that depends on the current carbon stock (see below). Note that while these additional
damages s(C') E(t) caused by the present emissions, total damages will still be a nonlinear function of stock C' since the factor

s(C) changes with C, representing the presence of tipping points (see below).
A2 Discounting, emissions

Since W} increases in a; while W? decreases, choosing an optimal value for a; involves a trade-off between present and future
welfare, which we assume is done in the usual way by using some current discount factor 0 < 6;(t) < 1 (an element of taxon

CUL) that measures the relative weight of future welfare in country i’s optimisation target (“utility”) at time ¢, U;(¢):
Ui(t) = (1= 0 (1)) W7 () + 0: (1) W' (1) (Ad)

For simplicity, we assume that only two different discount factors are possible, 0 < 8 < o < 1, and call a country with §;(t) = «

“patient”, so that the state of global society at time ¢ can be summarised by the fraction F'(¢) of patient countries:

F(t)=|{i: 6;(t) = a}|/N. (A5)
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Given carbon stock C'(¢) (ENV) and discount factors d; (¢), the countries thus face a simultaneous multi-agent multi-objective

optimisation problem, each ¢ trying to optimise their utility

i) = (1-6.0) (1- 535

N
(1) (G _s (O(t))) Eo=Y"a;(0) ] . (A6)

by choosing a;(t). As in the literature on international environmental agreements, e.g., Barrett (1994), we assume this is solved
by making the choices independently and non-cooperatively, i.e., putting OU;(t)/0a;(t) = 0 for all ¢ simultaneously, leading
to a system of N equations whose solutions a;(¢) form the Nash equilibrium choices (CUL — CUL),

¢ 0;(t)

ai(t) = NWS(C(”)’ (A7)
Ui(t) =146;(t)(G — Egs(C(t)) +cs(C(1))*¢(F(t)) — 1)
C 5i(t)2
TANT-6( s(C())? (A8)

and the aggregate abatement (CUL — MET) and emissions

Alt) = s(C (1) co(P(1)), B(t) = o — A(t), (A9)
where
OF(@) = FO 1 + (L= FO) . (A10)

A3 Evolution of discount factors

While economic models treat the discount factor of a country as an exogenous parameter, we assume that the value of §; is a
social trait that may be changed over time due to the observation of other countries’ discount factors and their resulting utility
(CUL — CUL). As in many models of the spread of social traits (e.g., Traulsen et al. (2010); Wiedermann et al. (2015)), we
assume that each country 7 may adopt another country j’s value of  (social learning by imitation) and that the probability P
for doing so depends on the difference between ¢ and j’s current utility, D;;(¢) = U;(t) — U;(t), in a nonlinear, sigmoid-shaped
fashion, with P(D) — 0 for D — —oo and P(D) — 1 for D — co. The utility difference between a country using « and a

country using 3 is

D(t) = [a — (G — Eos(C(1)) + es(C(1))*¢(F (1)) - 1)

2 2 2
- {1Cia_16_5} CS(S]S;)) ' (Alh)
This difference is zero iff the discounting summary statistics ¢(F'(t)) equals
-5 F G-1
Or(O0) = SN a  w(C) s COP (A1)
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Since v > 3, we have D(t) > 0 iff ¢(F(t)) < ¢r(C(t)), meaning that depending on the stock and the fraction of patient
countries, either patience or impatience might be more attractive, so that one can expect interesting learning dynamics.

We assume that at each point in time, each country 7 independently has a probability rate ¢ > 0 to perform a “learning step”.
If i does perform a learning step at time ¢, it compares its current utility U; (¢) with that of a randomly drawn country j and sets

its discount factor J;(¢) to the value of §;(¢) with a probability given by the generalised logistic function,

1

S 7
L =500 exp (= oty Dig (1)

P(D;(t))

(A13)

where 0 < pg < 1 and ¢ > 0 are parameters so that P(0) = py and P’(0) = q.

The “curiosity” parameter py can be interpreted as a measure of a country’s curiosity-driven exploration of a different
discount factor without expecting a welfare increase. The larger pg, the more frequent switches will occur, but in both directions
between the two candidate discount rates, mainly generating more variance and fluctuations that can be seen as a form of
“noise”. The “myopic rationality” parameter ¢ can be interpreted as a measure of a country’s rationality, because the probability
of switching to the other country’s discount rate is higher if the other country has higher welfare (and zero if that is not the
case) — but it is a myopic rationality, because the agent only takes its present welfare into account. The larger ¢, the faster
discount factors will converge to the one currently generating the largest welfare.

To get a deterministic evolution that can be represented by an ordinary differential equation, we only track the expected

fraction F'(t) of patient countries, which evolves as
F(t)=tF(t)(1 - F(1))[P(D(t)) - P(=D(1))], (A14)

while the actual number of patient countries would follow a stochastic dynamics involving binomial distributions that converges

to the above in the statistical limit N — co. Note that '(t) = 0 iff F'(t) € {0,1} or ¢(F(t)) = pr(C(t)).
A4 Carbon stock, damage factor

For ease of presentation, we drop the denotation of time dependence from here on. We assume that the atmospheric carbon

stock evolves according to a simplistic dynamics involving only emissions and carbon uptake by other carbon stocks,
C=E—-1rC=Ey—cs(C)p(F)—rC (A15)

with a constant carbon uptake rate r > 0 (ENV — ENV). Note that C' = 0 iff ¢(F) equals

_ Eo—’f’c

¢c(C) = () (A16)

In order that C' > 0 for all times, we require that C' > 0 whenever C' = 0, which is ensured by assuming that the parameters
fulfil By > cyexp(—u2/20%)¢1 where ¢ = /(1 — ).
We further assume that s(C'), the value (MET — CUL; ENV — CUL) of the additional damages from climate change (ENV

— MET; ENV — CUL) due to a marginal increase in emissions at an existing carbon stock C' (ENV — ENV), is a positive
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function of C' that has a unique maximum at some critical stock x at which small changes in stock lead to large changes in
damages due to the presence of tipping points. To approximate a damage function that is a sum of a number of sigmoid-shaped
functions representing individual tipping points whose locations and amplitudes are roughly normally distributed, we take s(C)

to be Gaussian,

5(C) =~vexp(—(C — p)?/20?), (A17)
with parameters v > 0, ;1 > 0, ¢ > 0. This completes our derivation of the two ordinary differential equations for C and F'.
A5 Steady states, stability

We can distinguish three types of steady states where C=F=0.

(1) All countries are impatient, ' = 0 (which implies ¢(F') = ¢ := 3/(1 — §)), and (Ey — rC)/cs(C) = ¢o. The latter is
equivalent to cggyexp(—(C — )% /20?%) = Ey — rC which has generically one or three solutions in C with C' > 0. If there are
three, the middle one is always unstable. The others are stable iff D < 0.

(2) All countries are patient, F' =1 (which implies ¢(F) = ¢1) and (Ey —rC)/cs(C) = ¢1. The latter is equivalent to
edryexp(—(C — p)?/20?) = Eg — rC which again has generically one or three solutions in C' with C > 0. Again, if there are
three, the middle one is always unstable. Again, the others are stable iff D < 0. The possibility of two stable states with F' =1,
one with a small and one with a large C, indicates that even if all countries eventually become patient, this may happen too
slowly to prevent a level of climate change (large A) that makes ambitious mitigation even for patient countries too costly in
view of the small amount of climate damages that could then still be avoided.

B)0< F<1land ¢(F) = ¢pr(C) = ¢c(C). This has at most four different solutions in C' with C' > 0, to each of which
corresponds at most one solution in F'. We know of no simple conditions for assessing their stability but from our numerical
experiments we conjecture that (i) at most one of them is stable, namely the one with the largest C, (ii) its stability depends
only on the learning rate ¢, being stable up to a critical value ¢*, then unstable; (iii) For ¢ < ¢*, it is a stable focus and the
leftmost steady state with F' = 0 is unstable. Hence at most four stable steady states can exist: at most two with F' =1, and

either at most two with ' = 0 or at most one with F' = 0 plus the stable focus with 0 < F' < 1.
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Abstract

Societal transformations are necessary to address critical global challenges, such as mitigation of
anthropogenic climate change and reaching UN sustainable development goals. Recently, social
tipping processes have received increased attention, as they present a form of social change whereby
a small change can shift a sensitive social system into a qualitatively different state due to strongly
self-amplifying (mathematically positive) feedback mechanisms. Social tipping processes have
been suggested as key drivers of sustainability transitions emerging in the fields of technological
and energy systems, political mobilization, financial markets and sociocultural norms and
behaviors.

Drawing from expert elicitation and comprehensive literature review, we develop a framework to
identify and characterize social tipping processes critical to facilitating rapid social transformations.
We find that social tipping processes are distinguishable from those of already more widely studied
climate and ecological tipping dynamics. In particular, we identify human agency, social-
institutional network structures, different spatial and temporal scales and increased complexity as
key distinctive features underlying social tipping processes. Building on these characteristics, we
propose a formal definition for social tipping processes and filtering criteria for those processes that
could be decisive for future trajectories to global sustainability in the Anthropocene. We illustrate
this definition with the European political system as an example of potential social tipping
processes, highlighting the potential role of the FridaysForFuture movement.

Accordingly, this analytical framework for social tipping processes can be utilized to illuminate
mechanisms for necessary transformative climate change mitigation policies and actions.

Keywords
Social tipping dynamics, social change, sustainability, critical states, network structures,
FridaysForFuture
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MAIN TEXT
1. Introduction

There is growing concern that global climate change is reaching a point where parts of the Earth
System are starting to pass damaging climate tipping points (/): In particular, part of the West
Antarctic Ice Sheet (WAIS) appears to already be collapsing because of irreversible retreat of
grounding lines (2, 3) which in turn is expected to trigger loss of the rest of the WAIS (4). Other
tipping points may be close: A recent systematic scan of Earth system model projections has
detected a cluster of abrupt shifts between 1.5 and 2.0°C of global warming (5), including a collapse
of Labrador Sea convection with far-reaching impacts on human societies. The abrupt degradation
of tropical coral reefs is projected to be almost complete if warming reaches 2.0°C (6, 7). The
possibility of the global climate tipping to a ‘hothouse Earth’ state has even been posited (§).

Against this backdrop, there is a growing consensus that avoiding crossing undesired climate tipping
points requires rapid transformational social change, which may be propelled (intentionally or
unintentionally) by triggering social tipping processes (9, 10) or “sensitive intervention points” (17,
12). Examples for such proposed social tipping dynamics include divestment from fossil fuels in
financial markets, political mobilization and social norm change, socio-technical innovation (9—171,
13, 14). Equally, if human societies do not act collectively and decisively, climate change could
conceivably trigger undesirable social tipping processes, such as international migration bursts,
food system collapse or political revolutions (/5). Social tipping processes have received recent
attention, as they encompass this sort of rapid, transformational system change (9, 10, 13, 15).

Here we develop an analytical framework for social tipping processes. Drawing upon expert
elicitation and a comprehensive literature review, we find that the mechanisms underlying social
tipping processes are categorically different from other forms of tipping, as they uniquely have the
capacity for agency, they operate on networked social structures, have different spatial and temporal
scales, and a higher degree of complexity. Following these distinctions, we present a definitional
framework for identifying social tipping processes for sustainability, where under critical
conditions, a small perturbation can induce non-linear systemic change, driven by positive feedback
mechanisms and cascading network effects. We adopt this framework to understand potential social
tipping dynamics in the European political system, where the FridaysForFuture movement (16)
pushes the system towards criticality, generating the conditions for shifting climate policy regimes
into a qualitatively different state.

The proposed framework aims to establish a common terminology to avoid misconceptions,
including the notions of agency, criticality as well as the manifestation and intervention time
horizons in the context of social tipping. In this way, the framework can serve to connect literatures
and science communities working on social tipping, social change, complex contagion dynamics
and evidence from behavioral experiments (e.g. /4, 17).

2. Background
2.1. Tipping points as social-ecological systems features

We start by reviewing the characterization of tipping points across the natural and social sciences.
Over the last 150 years, a suite of concepts and theories describing small changes with large
systemic effects has been developed at the intersection of natural and social sciences. More recently,
the concepts of tipping points and tipping elements have been broadly adopted by both natural and
social scientists working within the field of climate change.

While the concept of ‘tipping’ originated in the natural sciences (18, 19), social scientists made
extensive use of the idea in the 20th century, often without using the terminology of tipping.
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Famously, Schelling (20), following Grodzins (21), developed a theory of tipping processes to
explain racial segregation in US neighbourhoods. Granovetter (22) modeled collective behavior as
a tipping process that depends on passing individual thresholds for participation in riots or strikes.
Kuran (23) described political revolution in terms of tipping dynamics, while Gould and Eldridge
(24) distinguish phases of policy change and stability in terms of ‘punctuated equilibrium’. Gladwell
(25) popularised the concept of ‘tipping points’, exploring contagion effects (“fads and fashions”),
sometimes triggered by specific events.

Several recent studies have examined tipping processes within contemporary social systems.
Homer-Dixon (26) and Battison (27) explored the 2008 financial crisis as a tipping phenomenon.
Nyborg (14, 28) discussed shifts in norms and attitudes, for example regarding smoking behaviors.
Centola (/7) associated tipping points with the “critical mass phenomenon”, wherein 20-30% of a
population becoming engaged in an activity can be sufficient to tip the whole society. Similarly,
Rockstrom et al. (29) highlighted this so-called Pareto effect in the context of decarbonization
transitions. Kopp et al. (/5) distinguished different social tipping elements within the realm of
policy, new technologies, migration and civil conflict that are sensitive to “climate-economic
shocks”. Here, a tipping element is a system or subsystem that may undergo a tipping process.

Since the mid 1990s, ecologists and social-ecological systems (SES) researchers have also
developed an extensive body of research on tipping processes using the terminology of ‘regime
shifts’ and ‘critical transitions’ (e.g. 30—32). Recognizing the impacts of human development on
various ecosystems, this body of work often models ecological regime shifts as a consequence of
social drivers. Less attention, however, has been paid to sudden changes in social systems triggered
by ecosystem changes.

There is a rich literature on the collapse of past civilizations (e.g. 33, 34) and the potential role of
tipping points in that (35). Recently, Cumming and Peterson (36) brought this together with work
on ecological regime shifts, proposing a “unifying social-ecological framework” for understanding
resilience and collapse. Further, Rocha et al. (37) noted that tipping dynamics can be produced by
the interactions between climatic, ecological and social regime shifts.

The concept of climate tipping elements introduced by Lenton et al. (/) and Schellnhuber (38), has
been increasingly adopted within Earth and climate sciences. Climate tipping elements are defined
as at least sub-continental-scale components of the climate system that can undergo a qualitative
change once a critical threshold in a control variable, e.g., global mean temperature, is crossed.
Positive feedback mechanisms at the critical threshold drive the system’s transition from a
previously stable to a qualitatively different state (/). Other scholars, e.g., Levermann et al. (39),
suggest a somewhat narrower definition of climate tipping elements by introducing additional
characteristics, such as (limited) reversibility or abruptness. The tipping elements identified so far
include biosphere components such as the Amazon rainforest (40—42) and coral reefs (6, 7),
cryosphere components such as the ice-sheets on Greenland and Antarctica (43), and large-scale
atmospheric or oceanic circulation systems including the Atlantic meridional overturning
circulation (44, 45). Their tipping would have far-reaching impacts on the global climate,
ecosystems and human societies (e.g. 8, 46).

2.2. Social Tipping

In response to the concept of climate tipping points, social scientists are re-engaging with this
concept yet again, creating an additional layer of tipping scholarship with an emphasis on the need
for and possibility of deliberate tipping of social systems onto novel development pathways towards
sustainability (e.g. /1, 47). Scholars argue in particular that the rapid, non-linear change of social
tipping dynamics might be necessary to speed up societies’ responses to climate change, and to
achieve the goals of the Paris Agreement. It is this element of acceleration, propelled by positive
feedbacks, that makes the concept of tipping particularly interesting. For example, Otto and Donges
et al. (9) reported expert elicitations identifying social tipping elements relevant for driving rapid
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decarbonization by 2050. Rapid-paced changes are a distinctive feature potentially differentiating
tipping dynamics from many other forms of social change, including incremental (policy or
institutional) changes, or more radical (socio-technical) transitions or societal transformations.

Over the last decade, the literature on deliberate transitions and transformations towards
sustainability has expanded significantly, exploring the dynamics that lead to the reorganization of
social, economic or political systems (e.g. 48, 49). In many ways, this literature and the emerging
work on social tipping are interested in very similar phenomena: fundamental shifts in the
organization of social or social-ecological systems - a movement from one stable state to another -
including a change in power relations, resource flows, as well as actor identities, norms and other
meanings (48). Transformations can be fast, but speed is generally not one of their defining
characteristics.

This temporal feature of social tipping points - rapidity of change compared to the system’s normal
background rate of change - combined with the fact that tipping processes can be triggered by a
relatively small disturbance of the system is motivating scholarship on leverage or ‘sensitive
intervention points’, e.g. Farmer et al. (/2), who identified such potentially high-impact intervention
opportunities, e.g., financial disclosure, choosing investments in technology and political
mobilization that may be key for triggering decarbonization transitions.

Based on a bibliometric and qualitative review of these various bodies of literature across the natural
and social sciences, Milkoreit et al. (/0) proposed the following general definition of (social)
tipping: “the point or threshold at which small quantitative changes in the system trigger a non-
linear change process that is driven by system-internal feedback mechanisms and inevitably leads
to a qualitatively different state of the system, which is often irreversible.” Milkoreit et al. (10)
further noted there is a need to recognize and identify potential differences between climatic (or
ecological) and social tipping processes to gain a deeper understanding of these phenomena.

3. Methods and analytical structure

Given this diverse and nascent field, there is a clear need for consensus as to what defines social
tipping processes, as well as an understanding of how these processes are similar and diverge from
dynamics in other non-social systems. Further, there are currently limited examples of social tipping
elements in the context of sustainability transitions presented within the broader literature (9, 12,
13, 15).

Here we explore the characterization of tipping processes within the natural and social sciences,
examining how social and climate tipping processes are differently conceptualized. We draw upon
a mixed qualitative methodological approach to illuminate these differences and key distinctions.
Initially, core differences were identified and discussed via expert elicitation (50). A selected group
of 25 experts from across the climate and social sciences were invited to take part in an expert
elicitation workshop, that focused on identifying a common definition for social tipping processes,
as well as the characterization of their dynamics. This workshop was convened in June 2018 in
Cologne, Germany. The workshop participants were split into cross-disciplinary breakout groups,
to independently identify the dynamics of social tipping processes. Then, each of these groups
reported their findings to the broader plenary, for discussion, consolidation, reconciliation and
clarification. The process was then repeated for further clarification within the breakout groups.
Through this iterative inductive and deductive process, several unique themes and characteristics
were identified from the broader set of codes, resulting in the key differences in and definition of
social tipping processes presented below.

Drawing upon the differences identified in the expert elicitation workshop, we then review and
synthesize the emerging field of social tipping processes, particularly in comparison to the related
climate and ecological tipping dynamics. We then draw upon these unique characteristics to develop
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a common definition for social tipping processes, which we explore using the example of the
FridaysForFuture student movement.

4. Results
4.1. Key differences between social and climate tipping processes

Social and climate systems’ tipping processes exhibit several broad, fundamental differences in
their structure and underlying mechanisms: (i) agency is a main causal driver of social tipping
processes, (ii) the quality of social networks and associated information exchange provides for
specific social change mechanisms not available in non-human systems, (iii) climate and social
tipping processes occur at different spatial and temporal scales, and (iv) social tipping dynamics
exhibit significantly more complexity than climatic ones.

Agency: The most important characteristic differentiating social from climate tipping processes is
the presence of agency. While a significant body of work (e.g. 57), including Latour’s actor-network
theory (52), addresses different forms and effects of non-human or more-than-human agency, here,
we focus on a more narrow understanding of agency that is based on consciousness and cognitive
processes such as foresight, planning, normative-principled and strategic thinking, that allow human
beings to purposefully affect their environment on multiple temporal and spatial scales. While
humans have a generally poor track record of utilizing their agentic capacities especially with regard
to shaping the future (e.g. 53—55), they appear unique in their capacity to transcend current realities
with their decisions.

Agency in this more narrow sense can be understood as the human capacity to exercise free will, to
make decisions and consciously chart a path of action (individually or collectively) that shapes
future life events and the environment (56). The notion of intentionality inherent in the idea of
agency implies that human actors are not only able to adapt to changes in their environment, but
also deliberately create such changes. Non-human life forms can also be engaged in deliberate
changes of their environment (e.g., beavers building dams), but the cognitive quality of these actions
differs from those of humans, which can be based on different forms of knowledge and meaning
about the world, moral norms and principles, or ideas about desirable futures. Agency allows
individuals and societies to be proactive rather than merely responsive in their relationships with
other humans or the environment through planning, goal setting and strategic decision-making,
which links decisions and behaviors in the present with consequences and realities in the (distant)
future (57).

Governance scholars address this social-cognitive capacity for forethought and goal-pursuit in terms
of anticipation (58) and imagination (/0), which can be tied to a set of futuring methods (59, 60).
The ability to anticipate and imagine futures enables humans and their societies (53, 54) — as
opposed to animal communities or ecosystems — to transcend the present and shape the future
according to our values and goals (61), possibly increasing the prospects for human survival in times
of fast and significant environmental change (56, 62). Although this ability has been underutilized
in the past, especially in the context of responding to climate change (63), it is a crucial dimension
of the human repertoire of tools to create change and to ensure its long-term well-being.

Agency interacts with many of the additional differentiating characteristics we identify below in
important ways. For example, agency plays a role in the creation of social networks, institutions
and meaning, i.e., the production of the structures of social systems. These network structures in
turn enable and constrain agency (e.g. 64, 65).

Physical climate tipping elements, such as ice sheets or ocean circulations, lack that ability to
intentionally act and adapt. However, the adaptive capacity of ecosystems can be interpreted as a
form of non-human agency and learning mechanism (66), see also Supplementary Information S2.
While scholarship on non-human agency, including that of animals, inanimate objects, landscape
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features or ecosystems (e.g. 67, 68) might expand our understanding of agency, the cognitive
abilities that characterize human agency, especially long-term and strategic thinking, do not exist
in the non-human or inanimate worlds.

Social networks: Understanding the nature of social networks is crucial for studying social tipping.
While both natural (including physical and ecological) and social systems can be structurally
characterized as networks and studied using a network science approach (69), social systems differ
from natural systems in the quality of the networks’ nodes and interconnections and the processes
and dynamics facilitated and impacted by these particular network characteristics. Social systems
feature additional network levels of information transmission (cultural and symbolic) that are
largely restricted to human societies compared to natural systems (70).

Network qualities unique to social systems:

Networks in social and natural systems share various commonalities such as the existence of
fundamental nodes and links (69). In contrast to most natural systems, however, social networks
have the capacity to intentionally generate new nodes, which include socially constructed entities
such as organizations and movements (7/). New nodes can be created through cultural, political or
legal means, as can the rules for their interactions with other existing nodes. Social system nodes
are unique in that they have richer cognitive realities, particularly agency and forethought. These
nodes often have conflicting vested interests, which may be more short-sighted than future oriented.

Relationships in social networks can consist of shared meanings — especially norms, identities and
other ideas — and a vast variety of cultural, economic and political relationships (e.g., employment,
citizenship), all of which are not as pronounced or non-existent in less complex human societies
and nature. Hence, social network links are more diverse than links in natural systems and enable
different kinds of network processes. For example, links between nodes in social networks are not
necessarily dependent on physical co-presence, due to technologically enabled connections or the
presence of more abstract interrelations such as shared norms, values or interpersonal relationships.

Network processes:

Social network dynamics can be of a purely ideational nature (e.g., the subject of the study of
opinion and belief dynamics), but also involve material changes (e.g., resource extraction,
movement and transformation for economic purpose). Markets are unique social networks,
involving both ideational and material network processes. In the Anthropocene, the intensity and
speed of socially networked interaction has increased dramatically, largely due to new media,
digitalization, more efficient means of transportation, lower travel costs, and overall increased
mobility, which is likely to increase spreading rates, while at the same time affecting the stability
of the network itself (72—-74).

Generally, social tipping can either occur on a given network (e.g., through spreading dynamics
changing the state of nodes (75) or change the network structure itself (see Figure 1). The structural
network changes generated by social tipping processes include transitions from centralistic or
hierarchical to more polycentric (neuromorphic) structures in urban systems, energy distribution
and generation networks (76, 77). Structural changes can manifest on large and small-scale spatial
networks across multiple social structure levels. In order to capture these network tipping processes,
quantifiers from complex network theory such as modularity, degree distribution, centrality or
clustering can be used (69).
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Figure 1: Two types of social tipping in a complex network. (4) Social tipping can on the one hand
be characterized by a contagion process where initially only a few nodes exhibit a certain property
that then spreads through a large portion of the network. (B) On the other hand social tipping may
also qualitatively alter the entire network structure from, e.g., a state with closely entangled nodes
of different states to an almost or full disintegration of the network in smaller disjoint groups. The
example in (4) shows the spread of an avatar among users in an online virtual world over the course
of one week after it was first introduced by a small number of users (78). Nodes represent users and
links represent the imitation of the avatar from one user to another. Yellow nodes denote users that
have not picked up the avatar, while black nodes indicate those that did. (B) The upper network
shows the members of the House of Representatives in the 94th United States Congress (January 3,
1975 to January 3, 1977). Node colors indicate different party membership and links between nodes
are drawn if the corresponding members agree on 66% of all votes in the considered two-year
period. The lower network shows the same for the 110th United States Congress (January 3, 2007,
to January 3, 2009). The transition from a closely entangled to an almost fragmented topology
indicates a polarisation between Democratic and Republican Party members over time (16).

Temporal and spatial scales: Scales can differ greatly between social tipping and climate tipping
processes and are more ephemeral for social tipping than for climate tipping.

Temporally, tipping in social systems manifests more commonly on the scale of months to decades,
while for the climate tipping elements range from years to millennia. Human actors tend to focus
on more short-term consequences or outcomes, as complex issues (such as climate change) with
longer timeframes are often harder to assess (79). Within social systems, fund manager performance
is evaluated quarterly, politicians often think in electoral cycles, business operates with annual or
five-year forecasts, while individual practices and dispositions are constantly evaluated and
reevaluated (8§0—82). In natural systems, however, it might take decades, centuries or even millennia
for outcomes of change processes to become detectable (see Figure 2).
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Both social and climate tipping elements can be ordered spatially (1, 39, §3), although social tipping
elements cannot always be precisely located geographically. Social scientists and economists have
long grouped systems and processes as existing on the macro-, meso- and micro-levels (or some
variation thereof), whereby some social systems (e.g., financial markets, political systems,
technologies) consist of interdependent subsystems existing on multiple spatial levels.

Social tipping processes can also display spatial-temporal ephemerality. While climate tipping
elements have a known spatial extent and dimensionality (with often a comparable extent in latitude
and longitude and a generally much smaller extent in altitude) and have persisted in their current
stable state for thousands (if not millions) of years, social tipping processes do not have a spatial
extent or effective dimensionality that is known ex-ante and they can emerge (move into a critical
state) and disappear (move out of a critical state) over time.

A Climate Tipping B Social Tipping
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Figure 2: Examples of spatial and temporal scales for climate and social tipping elements.
Example climate tipping elements are broadly compiled from Lenton et al. (1),
Levermann et al. (39), and Schellnhuber et al. (83). Social tipping elements are broadly
compiled from Kopp et al. (15), Farmer et al. (12), Otto and Donges et al. (9), Hsiang
(84), Tabara (11) and Lenton (13).

Complexity: Social tipping processes occur in complex adaptive systems (85-87) as opposed to
the complex but non-adaptive physical climate system. As such they can exhibit comparatively
greater complexity in the (i) drivers, (ii) mechanisms and (iii) resulting pathways of social tipping
processes, as well as the aforementioned ephemerality in their spatial-temporal manifestations,

including a potentially fractal and varying dimensionality and a more complex interaction topology
(88, 89).

Social tipping processes can rarely be linked to a single common control parameter, such as is the
case with global mean temperature in climate tipping dynamics. For most of the climate tipping
elements like the ice sheets or the Atlantic meridional overturning circulation, the control variables
such as local air temperature, precipitation or ocean heat transport, can often be translated or
downscaled into changes in global mean temperature as one common driver (/, 38). However, for
social tipping processes, multiple, interrelated factors are often identified as forcing the critical
transition. For example, shifts in social norms regarding smoking (/4) can be linked to several,
entwined factors, such as policies, taxation, advertising and communication, social feedbacks (e.g.,
via normative conformity), or individual preference changes. Centola et al. (/7) show that tipping
in social convention is possibly explained by a single parameter: the size of the committed
minority). At larger scales, the collapse of complex civilizations has been linked to multiple
interacting causes, and whilst disagreement abounds over the balance of causes in particular cases,
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there is general agreement that multiple factors were at play (33). This kind of causality — multiple
interacting, distributed causes across varying scales — are a key characteristic of complex systems
(90), contrasting starkly with conventional notions of causality involving bivariate relationships
(one cause and one effect).

Further, due to their potential for agency and adaptive plasticity, social systems are open to a larger
number of mechanisms that could cause a tipping process and various pathways of change that a
tipping process could follow towards a greater number of potentially stable post-tipping states (91).
Climate tipping processes are often modeled as bi- or multistable, where the directional outcomes
of forcing are to some extent known or knowable, e.g., based on paleoclimatic data and process-
based Earth system modelling. Given a specific forcing change, one can predict in what state the
element will restabilize as well as the “net” effects of the tipping process on larger Earth systems.
Based on this understanding, the tipping of climate system elements is generally perceived as
undesirable and often as part of pushing the Earth system out of the “safe operating space for
humanity” (92, 93).

In contrast, for social systems, it is often unclear what a final stable state of the system will look
like, or even whether the changes resulting from a tipping process will be normatively considered
“positive” or “negative”. As Clark and Harley (94) point out, the characteristics of complex-
adaptive social systems, including the diversity of actors and elements and the different outcomes
generated by local and global interactions, imply that the development pathways of these systems
are less predictable. Further, a social tipping process can generate new and destroy existing actor
types (e.g., identities, institutions) and their behaviors. Cross-scale dynamics and local differences
are important to understand the emergent system structure and change dynamics, but predictive
capacities, e.g., regarding the timing of a social tipping point or the boundaries between different
stable states, do not yet exist (94). Hence, the term ‘managing transitions’ is less useful than the
idea of navigating a transformation pathway.

The political nature of social change processes (95) — different actors within a social community
pursuing different, sometimes opposing, interests and visions for a reorganization of a social system
while bringing to bear different resources and strategies — further exacerbate this situation. Actors
can deliberately generate new feedback dynamics that support or slow change, even after a tipping
point has been passed, and they can actively work to adjust the direction of change.

4.2. Proposed definition of social tipping processes

From the discussion above, it follows that a definition of social tipping process should take a micro-
perspective and incorporate network effects and agency in addition to common tipping
characteristics already explored in the review by Milkoreit et al. (/0). It should also describe the
timing aspects sufficiently well to understand possibilities for intervention, similar to what Lenton
et al. (/) suggested for climate tipping elements. Hence we propose the following definition of the
various terms relevant for studying social tipping processes (see Supplementary Material S1 for a
more formal mathematical definition suggested for use in simulation modelling and data analysis
that is consistent with what we put forward here):

Definitions: A ‘social system’ can be described as a network consisting of social agents (or
subsystems) embedded within a social-ecological ‘environment’. Such a social system is
called a ‘social tipping element’ if under certain (‘critical’) conditions, small changes in the
system or its environment can lead to a qualitative (macroscopic) change, typically via
cascading network effects such as complex contagion and positive feedback mechanisms.
Agency is involved in moving the system towards criticality, creating small disturbances and
generating network effects. By this definition, near the critical condition the stability of the
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‘.

social tipping element is low. The resulting change process is called the ‘tipping process.

The time it takes for this change to manifest is the ‘manifestation time’.!

If a tipping element is already in a critical condition, where the stability of its current state is low,
there may be a time window during which an agential intervention might prevent an unwanted
tipping process by moving the system into an uncritical condition (see also SI text S1). Alternatively,
if a tipping element is not already in a critical condition, there may be a time window during which
some intervention might move it into a critical condition in order to bring about a desired tipping
process.

The small change triggering the tipping process could be either (i) a localized modification of the
network structure (e.g., a change on the level of single nodes, small groups of nodes or links) or of
the state of agents or subsystems, (ii) small changes of macroscopic parameters or properties, or (iii)
small external perturbations or shocks. We deliberately do not require the trigger to be a single
driving parameter. This is because we expect that a social tipping process could be triggered by a
combination of causes rather than a single cause. Furthermore, a social tipping element may be
tipped by several different combinations of causes. Consequently, for social tipping elements we
cannot always expect at this point to identify a common aggregate indicator (such as global mean
temperature in the case of climatic tipping elements) and a well-defined ‘threshold’ for this indicator
at which the system will tip (see also the discussion on complexity above).

Note that social tipping as defined here is a unique form of social change, e.g., distinct from climate
economic shocks (75) and more specific than socio-technical transitions (96, 97). Further, social
tipping also denotes a shift to a qualitatively different state, and such, is different from standard
business cycles or causes of seasonality. As such, social tipping presents a particular process of
social change, where a system undergoes a transformation from one qualitatively different state to
another, after being in a more critical state and affected by a potentially small triggering event.

4.3. Filtering criteria

We propose several filtering criteria to focus on social tipping processes (i) that have the potential
to be relevant to global sustainability in future Earth system tractories and (ii) where human
interventions can occur within a pertinent intervention time horizon on the order of decades and will
have consequences within a political/ethical time horizon on the order of hundreds of years.

(i) Relevance of social tipping for global sustainability

The social tipping process can impact a wide array of social systems, such as technological or energy
systems, political mobilization, financial markets and sociocultural norms. We consider social
tipping processes to be relevant here that have an impact on the biophysical Earth system or on
macro-scale social systems. The qualitative change in a ‘relevant’ social tipping process
significantly affects the future state of the Earth system in the Anthropocene directly or indirectly
through interactions with other social tipping processes. Relevance can hence be defined in terms
of impacts on biophysical Earth system properties such as global mean temperature, biosphere
integrity or other planetary boundary dimensions. For example, tipping dynamics to a political
system could result in policy regime changes, affecting substantial reductions in greenhouse gas
emissions (9, 12). Furthermore, we consider social tipping processes that have relevant impacts on
macro-social systems and can be triggered by changes in the same biophysical Earth systems, for
example, mass migration due to climate impacts (84, 98).

' This is analogous to the ‘transition time’ in Lenton et al. (1) . We avoid the term ‘tipping point’ in this definition
since some of the literature uses it to refer to a point in time while some of the literature uses it to refer to a certain
state of the system or its environment.
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(ii) Intervention and ethical time horizons

We are interested in potential social tipping processes in which humans have the agency to
substantively intervene. For example, such interventions could be via technological or physical
capacities of agential or structural actors. This therefore places emphasis on human intervention,
such as decreasing the likelihood of extreme weather events via mitigation efforts, or triggering
socio-technological changes towards decarbonization. We define intervention and ethical time
horizons as follows:

Intervention time horizon

Human agency interferes with a social tipping element, such that decisions and actions taken
between now and an ‘intervention time horizon’ could influence whether (or not) the system tips.
We suggest to consider only social tipping processes with an intervention time on the order of 10
years (9), which arguably presents a practical limit of human forethought (99) and of future-oriented
political agency. For example, international governance efforts for global sustainability challenges,
such as the ozone regime or the Sustainable Development Goals, tend to work with similar time
horizons. Similarly, social tipping processes for rapid decarbonization to meet the Paris climate
agreement would have to be triggered within the next few years (9), with ambitious emissions
reduction roadmaps aiming for peak greenhouse gas emissions in 2020 (29, 700). The intervention
time horizon is analogous to the ‘political time horizon’ defined for climate tipping elements in
Lenton et al. (7).

Ethical time horizon

The time to observe these relevant consequences should lie within an ‘ethical time horizon’. This
recognizes that consequences manifesting too far in the future are not relevant to the current
discourse on how contemporary societies impact Earth systems. Such an ethical time horizon could
consider only social tipping processes which can have relevant consequences within the next
centuries at most, corresponding to an upper life expectancy of the next generations of children
born.

4.4. Example of a potential social tipping process: European Climate Change Policy Dynamics Europe
and FridaysForFuture

Currently, international climate policies, including those of the European Union (EU) are
insufficient to meet the +1.5°C or +2°C goals of the Paris Agreement (/07). While European policy
makers presume to lead global mitigation efforts and characterize their actions as ambitious (/02,
103), actual policy measures and proposals have been lagging behind this aspiration (/04). EU
countries emit about a tenth of the world’s emissions, and a policy change towards more rapid
decarbonization would not only have significant direct impacts on the climate system, but likely
have indirect effects on the policies of other major emitters. But what kinds of sociopolitical
processes can lead to these necessary changes? Could such changes result from social tipping
dynamics?

Public opinion is a crucial factor in policy formation, where the public can be understood as a
“thermostat” signalling what is politically feasible (105, 106). Shifts in public opinion can punctuate
previously stable and ‘sticky’ institutions, leading to policy change (/07). Increased activism and
public concern regarding climate change can generate new coalitions, or shift the priorities of
existing ones (108, 109). Here we examine the European political system as an example of and how
social tipping processes could be triggered as a result of large-scale public activism and social
movements.

The European political system is composed of networks of agents (i.e., activists, decision-makers
and organizations) with a range of social and political ties and is structured in nested and
overlapping subsystems (i.e., national group, transnational political coalitions). Viewed through the
lens of social tipping, European political dynamics present a ‘social system’, embedded within the
broader international political and climate change governance community ‘environment’. Driven
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by the FridaysForFuture movement (/6) (among other things), a groundswell of bottom-up support
for more proactive climate policies has recently developed among European citizens, resulting in
routine mass demonstrations and historical wins for Green parties in the 2019 European
Parliamentary Elections, as well as in federal elections in Austria, Belgium and Switzerland. The
European political system could be moving towards a critical ‘state’, creating the conditions for a
tipping process towards radical policy change, bringing European climate policy in line with the
Paris Agreement. Accordingly, the European political system could constitute a potential ‘social
tipping element’, where as it nears critical conditions, a small change to the system or its broader
environment could lead to large-scale macroscopic changes, affected by cascading network
dynamics and positive feedback mechanisms. Such transformations could involve establishing more
aggressive mitigation strategies that connect goals (such as remaining below +2°C, 50% emissions
reductions by 2030, zero carbon emissions by 2050) with measures and pathways that have a
reasonable chance to achieve them (i.e., investment in negative emission technologies, increased
carbon taxation policies etc.).

The FridaysForFuture movement has been pushing the European political system towards
criticality, where it becomes more likely that the system will be propelled into a qualitatively
different state. The movement was set off and inspired by a single Swedish high school student
choosing to protest on the steps of the Riksdag for meaningful climate action. Greta Thunberg’s
protest quickly spread through the European social-political networks until more than a million
students have been participating in weekly protests. This growing bottom-up pressure on the
European climate policy-makers (16, 110) has created an opening for significant policy change.

The European political system consists of embedded subsystems at multiple scales. At the national
scale, for example, the German socio-political system responded strongly to the activities of the
FridaysForFuture movement. Polling throughout 2019 in Germany suggested that the environment
was the most important public policy challenge, ahead of other issues, such as the migration and
financial crises. Drawing upon survey data collected monthly by the Politbarometer, 40-60% of
Germans responded that the environment was an important problem in the Fall of 2019, a rapid
increase from roughly 5% in the Fall of 2018 (Figure 3, Panels A and B). Since 2000, rarely more
than 10% of Germans have viewed the environment as an important problem — a time period which
includes the emergence of other large environmental movements in Germany, such as protests
against nuclear energy in response to Fukushima. The specific upward shift in Germans viewing
the environment as an important problem appears to coincide with the large-scale protests organized
by FridaysForFuture in March, May and September of 2019.

Similarly, several national Western European Green Parties received historically strong electoral
support in the May 2019 European Parliamentary Elections (such as in Belgium, Germany, Finland,
France and Luxembourg). This increased support is also reflected in polling data in Germany, where
the Green Party has been effectively equal with the conservative party as the preferred political
party of German voters in the latter half of 2019 (Figure 3, Panels C and D). Subsequently, Germany
introduced its first ever federal climate change laws, mandating that the country meet its 2030 goals
(a ~55% reduction in GHG emissions) and establishing pathways to carbon neutrality by 2050.
Currently, only a limited set of countries have enacted national climate change laws, and Germany
is one of the largest and most diverse economies to propose such actions. This presents the
possibility for policy diffusion and transfer to other states (//1), particularly considering the
influential role Germany plays within the European Union. Climate policy entrepreneurs could
build upon momentum to further capitalize on windows of opportunity, pushing climate change
proposals prominently into national and supra-national governmental agendas before the ephemeral
moment passes (/12).

The 2020 COVID-19 pandemic has placed new priorities on the policy agenda, also reflected in
issue salience of climate change (see also Fig. S1 in Supplementary Materials). As political and
behavioral responses to COVID-19 have led already to a significant temporary reduction in
greenhouse gas emissions (/13), this shock could be further leveraged to reinforce climate action —
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future economic recovery packages should set European economies on a pathway towards carbon-
neutrality, rather than return to the old normal (774, /15). Drawing from this social tipping
framework, the European political system may remain near a critical state. It remains unclear
whether the COVID-19 shock has supplanted climate change, or whether both remain on the
political agenda. For example, discussions of a “Green New Deal” remain at the core of COVID-
19 economic recovery plans within the European Union.
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Figure 3: Environment as an issue and willingness to vote for the Green Party in Germany.
Percentages of potential German voters that list the environment as an important issue for the
country and willingness to vote for the Green Party (Biindnis 90/Die Griinen) if the election were
to be held "today". Panels (A) and (C) present monthly survey data from 2000 to September 2020
Panels (B) and (D) display monthly surveys from August 2018 — September 2020, showing the
change since the beginning of Greta Thunberg's protest actions. Dotted grey vertical lines display
days of global strikes organized by FridaysForFuture in March, May and September 2019. Data is
collected by Forschungsgruppe Wahlen: Politbarometer .

Implications for criticality

The sociopolitical dynamics have likely moved the Germany political subsystem further towards
criticality, but it remains largely unknown whether this will result in tipping towards a qualitatively
different state, in Germany or in the broader European political system. Rather, these judgements
can likely only be made in hindsight, observing whether the system remained stable, moved towards
criticality or experienced tipping dynamics. Such an analysis in line with the proposed framework
requires specific process tracing, identifying the key moments, actors, networks, mechanisms
affecting criticality, the triggering event (threshold), and the positive feedback dynamics propelling
the system towards qualitative changes. Much attention is often paid to the specific triggering event,
but it is rarely one single actor or action which accounts for the entirety of the tipping process.
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Rather a full account needs to be made of all of the previous and related processes that have further
placed the system towards criticality, allowing for such changes to become more likely.
Accordingly, for a tipping process to occur at the scale of the entire European political system,
moving it into a state of decarbonization that is aligned with the Paris Agreement, a series of
additional social movements and protests, or other shifts within the system or the environment,
may be required.

While we identify the role of FridaysForFuture in creating critical conditions, or potentially
triggering the social transformations required for global sustainability, recent literature has
identified further tipping candidates which could have generally “positive” effects on global
sustainability. For example, divestment and reinvestment present candidates for rapid
decarbonization and processes to achieve climate targets (9, /2). In this case, intervention times
range from years to decades, depending on the social structure level (9). Previous studies note that
the adoption of technologies and behaviors such as rapid uptake of autonomously driven electric
vehicles (if socially licensed), rapid change in dietary preferences reducing meat consumption and
associated land-use and climate impacts can follow an epidemic-type model of diffusing across
social networks (3, 15).

Alternatively, social tipping processes can lead to states of criticality with less desirable outcomes:
Recently it has been shown that climate change has contributed to the emergence of infections
carried by mosquitoes, like dengue fever or Zika, which could be accelerated further by increased
mobility, e.g., through denser air traffic networks (75). The thermal minimum for transmission of
the Zika virus could in fact give rise to a threshold behaviour (/7/6). Changes to the local
environment may enact “push” factors, resulting in large scale migrations (//7, 118). Further,
increased global mean temperature has been suggested to increase the likelihood of civil conflicts
(84).

These social tipping processes are of great interest to policy makers, as it is desirable to potentially
trigger or facilitate “positive” tipping (//, /3), while at the same time, mitigating the effects of
potential “negative” outcomes.

5. Discussion

Social tipping processes have been recently recognized as potentially key pathways for generating
the necessary shifts for sustainability. Drawing upon this emerging field, this paper develops a
framework for characterizing social tipping processes. We find that mechanisms underlying social
tipping processes are more likely to exhibit the unique characteristics of agency, social-institutional
and cultural network structures, they occur across different spatial and temporal scales to climate
tipping, and the nature of tipping can be more complex. Social tipping processes thus present
qualitatively different characteristics to those shared by climate tipping processes.

Accordingly, this paper develops a common framework for the unique characteristics of social
tipping processes. We identify social tipping as a process, resultant of a complex system of drivers,
resulting in shifting a system into a more (or less) critical state. It can thus serve to structure and
inform future data analysis and process-based modelling exercises (178, 119).

Even so, while there is an emerging focus on social tipping dynamics (9—13), there remains great
difficulty in pinpointing tipping events and generalizing the emerging dynamics. Drawing from
natural tipping dynamics, previous work on social tipping has often focused on identifying specific
trigger events or critical thresholds in macroscopic system variables in analogy to identifying for
instance critical temperature thresholds in the context of climate tipping (/0). In natural systems the
underlying dynamics are more deterministic and often can be directly observed, allowing for the
identification of specific thresholds and events. While social systems comprise a much more open
and complex system, one that is constantly adapting and where dynamics are often incredibly
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complex, interrelated and cannot be directly observed. Accordingly, one could observe the same
event across ten similar social systems, and could potentially observe ten unique outcomes. As such,
anticipating a specific trigger, making causal inferences, or having generalizability in expected
effects are all greatly limited within social systems. Further, social tipping points are sometimes
also understood as a point in time, rather than a point in a complex parameter space. Such an
approach makes it difficult to identify social tipping processes, as they often do not contain easily
observable macroscopic thresholds nor temporal markers for change.

Rather, a complex adaptive systems viewpoint is required, understanding the multitude of
interrelated processes and social structures driving change, and not focusing on a single trigger or
threshold. Accordingly, our framework proposed here focuses on identifying the processes and
mechanisms of such change, and not a single triggering event, where the interplay of micro-level
changes embedded within adaptive structural conditions can affect systemic changes.

The notion of a critical state is central within our framework. Changing conditions to the system’s
environment can cause it to enter more (or less) critical states, such that a single, or multiplicative
action, can effect a systemic change. It is these changing conditions, and specifically the processes
and dynamics underlying them, that are of analytical importance. Drawing upon the analogy of a
tipping coal wagon (15), it is not the single, specific piece of coal that caused the wagon to tip, but
rather the processes by which the wagon was filled with enough coal that any single piece (placed
at a number of different locales) could cause such tipping. Accordingly, the specific triggering event
of a social tipping process could be somewhat random or arbitrary, as the conditions are critical
enough such that any event with enough magnitude could have triggered these dynamics.

It is therefore key to focus on the processes and mechanisms underlying the nature of such critical
states which allow some trigger event to cause contagion dynamics. From social network models,
we can deduce which kind of structural features make a system less resilient and thus more prone
to social tipping (/79). One example is polarization, where social network models and social media-
based data analyses have shown that in polarized states with nearly disconnected network
communities which in themselves are highly connected, contagion processes are more likely to
occur (/20-122). Behavioral experiments and corresponding conceptual modelling approaches
suggest that minority groups can initiate social change dynamics in the emergence of new social
conventions (77, 119). Furthermore, a rich social science literature has noted an array of factors (i.e.
political institutions, technological or behavioral adaptation, environmental, normative and
attitudinal) effective in shifting the social conditions surrounding climate change (/4). A better
understanding of critical states as demanded by our framework may help to identify early warning
signals that could possibly indicate that a social-ecological system is close to a critical state in
specific situations (30, 123).

Social tipping processes present a specific type of social change — characteristized by non-linear
shifting states driving by positive feedbacks — which is similar to, but conceptually distinct from,
other forms of social change. Similar to how we explore the differences between natural and social
tipping processes, further research should engage with social tipping in comparison to other forms
of social change (such as historical institutionalist perspectives, social movements, policy
feedbacks, complex systems). One of the greatest challenges lies in dealing with multiple, entangled
drivers of tipping processes on different scales — temporal, spatial or social structural levels — and
different levels of agency and heterogeneous agents and subsystems. In order to further understand
the dynamics arising from these various levels of agency, it is crucial to identify examples from
different subfields (economics, political science, demographics). A key current limitation in
applying our framework is finding and operationalizing empirical data describing actual spreading
processes on networks across these different levels, particularly compared to macro-economic data
and public opinion polls (/24), even though first steps in this direction are being made (125, 126).
Particularly data on the social structures and networks is notoriously difficult to access. While there
have been advances in developing modeling frameworks (/7/9, 127) to simulate social tipping
dynamics, linking these theoretical modelling to empirical data and behavioral experiments requires
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more attention. Even if predictive modeling (i.e., the kind of deterministic, time-forward modeling
we know from Earth System Models for instance) of such social dynamics in the sense of inferring
time trajectories is very difficult or even conceptually unfeasible, such process-based modelling of
social tipping dynamics can be very crucial to understand the nature of critical states also in real-
world social situations. Lastly, we focus here specifically on social tipping processes relevant for
mitigating climate change, or sustainability more broadly, fitting within the previous literature. But,
such a framework for social tipping dynamics is generalizable to other areas of study and social
phenomena (such as the 2020 rapid social movements and public opinion dynamics surrounding
racial inequality in the United States).

While we explore one example of social tipping in detail, further inquiry is required to test the
distinctiveness of social tipping processes, as well as the utility of the proposed definition to other
social tipping processes. Systematizing the types of social tipping processes, and exemplary case
studies, would help to further illustrate these forms of change. Research is also warranted into
establishing typical timescales of social tipping; understanding how network structures affect social
tipping dynamics; identifying typical network structures of systems entering critical states;
discerning the temporal aspects of how effects travel through different social network structures;
and gaining a better understanding of the origin of spreading processes. Data acquisition, analysis
and process-based modelling could all play a role in this research agenda. A wealth of social media
data is available to study potential social tipping processes. However, this kind of data has mostly
yet to be adopted within the context of Earth System analysis and tipping dynamics.

Social tipping processes could be decisive for the future of the Earth System in the Anthropocene:
some rapid shifts in social systems are, in fact, necessary to meet the targets of the Paris Agreement
and the Sustainable Development Goals (8). While we focus here on processes relevant for future
trajectories of the Earth system, we suggest that further analysis could use or adapt our definition
to characterize other types of general social tipping processes (i.e. revolutions or rapid
transformations). We also recognize that tipping processes within ecosystems present an interesting
intermediary case between social and physical climate tipping as they typically incorporate
characteristics from both realms. They are also crucial in determining future trajectories of the Earth
system (see preliminary discussion in the SI). Understanding, identifying and potentially instigating
some social tipping processes is highly relevant for the future of the Anthropocene, particularly with
regard to the potential role in triggering rapid transformative change needed for effective Earth
system stewardship (9, 17-13).
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Supplementary Materials
S1: A mathematical definition of social tipping processes

In this section, we give a more formal version of the definition of ‘social tipping process’ given in
the main text, as a reference for mathematically inclined readers.

After defining what we mean by a social system and its environment, we first classify their
possible states into critical, unmanageable, uncritical, and tippable conditions, and then finally
define the notions of prevention time and triggering time.

By a social system, ¥, we mean a set of agents together with a network-like social structure, that
interacts in some form with the rest of the world, called the environment, E, of the system, such
that, if no “perturbation” or deliberate “influence” by some decision-maker occurs, X and E
together can only follow certain “quasi-inertial” (or “default”) trajectories restricted by the agency
of the system’s agents. Let x(;) and y () denote the stafes that I and E are actually in at time ¢.

A critical condition for the system is a pair of possible system and environment states, (x*, y*),
such that there exists another possible pair of states, (x',y"), with the following properties:

1. The state pair (x',y") is no further away in state space from (x*,y*) than a certain “small”
distance, €, that represents the possible magnitude of “local” perturbations in X (affecting only
few agents or network links directly) or small changes in E that are considered sufficiently
“likely” to care about, with respect to some suitable distance function d. In other words,
d((x,y), (x",yM) <e.

2. If ¥ and E were in state (x',y") at any time t', there is a quasi-inertial trajectory that would
move X at some later time t” > t' into some state x” that is “qualitatively” different from x*.
This move represents a “global” (i.e., affecting a very large fraction of the agents) and
“significant” change in the system (but not necessarily in its environment).

If such a change actually happens, the time point ¢’ (not the state!) at which it starts may be called
the tipping point or less ambiguously the triggering time point, and the system behavior within the
time interval from t’ to t” is called the corresponding tipping process. An uncritical condition for
Z and E then is any pair of states that is not critical.

A critical condition is unmanageable for an actor that may influence ¥ or E in some way if there
exists a possible pair of states, (x',y"), with d((x',y"), (x*,y*)) < € and the following property:

e Assume that ¥ and E were in state (x,y") at any time t’ and afterwards the state of X and E
would follow any trajectory (x(t), y(t))¢s¢ that the actor can force it to follow. Then the
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resulting trajectory would still move X at some time t” > t’ into some state x” (which will
usually depend on the influence exerted) that is qualitatively different from x*.

Similarly, an uncritical condition, (x°,y°), is tippable by a decision maker if there is a possible
trajectory (x(t), y(t)) ¢, starting in (x°, y°) at some time t', that the decision maker can force ¥
and E to follow, and this trajectory would move X into some state x” at some time t” > t' that is
qualitatively different from x° (a tippable uncritical state roughly corresponds to what others call a
‘sensitive intervention point’ ).

At any time at which the system is not in an unmanageable critical state, the prevention time is the
time interval it takes before some quasi-inertial trajectory has moved it into an unmanageable
critical state. In other words, at time zero it is the largest time interval T so that, when no
intervention takes place until time T, for all t > 0 with t < T, the system would not be in an
unmanageable critical state at time ¢t.

Similarly, at any time at which the system is in a tippable uncritical state, the triggering time is the
time interval it takes before some quasi-inertial trajectory has moved it into an uncritical state that
is no longer tippable. In other words, at time zero it is the largest time interval T so that, when no
intervention takes place until time T, for all t > 0 with t < T, the system would not be in a
tippable uncritical state at time t.

We only consider social tipping processes for which the prevention or triggering time is smaller
than some intervention time horizon.

S2 Ecosystem tipping as intermediary case

Ecosystem tipping processes share properties of physical climate tipping dynamics in atmosphere,
ocean and cryosphere in that they can often be described by a common driver, as well as that of
deliberative social tipping elements in that they have adaptive capacity, and can therefore be
regarded as intermediate. But, as previously noted, human agential capacity is far greater than
those of other species.

Similarly to human social systems, ecosystems are comprised of interacting living organisms, they
can be viewed as networks with components that can adapt (e.g., food webs). This is different
from physical tipping elements such as the cryosphere elements (e.g., melting of permafrost)
which do not typically exhibit the same networked structures. Within the nominally ‘climate’
tipping elements are some major biomes — notably boreal forests, the Amazon rainforest, and
coral reefs — that are composed of living organisms and exhibit ecological network structures.
Indeed changing interactions between the living elements of these systems may be key to tipping
dynamics — for example epidemic bark beetle infestation of boreal forests triggered by climate
warming allowing the beetles to complete two life cycles rather than one within a season (/28).
Thus these biotic tipping elements lie towards smaller scale ecosystems in the continuum, and
tend to be more closely related to social systems in spatial and temporal scales compared to the
typically much larger and more slowly changing physical climate tipping elements.

These differences give rise to a proposed ordering of tipping elements, ranging from (1) the
physical climate tipping elements via (2) ecosystem tipping elements to (3) social tipping
elements (Table S1).
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Table S1: Proposed ordering of tipping processes ranging from physical climate tipping
processes via ecosystem tipping processes to social tipping processes.

Properties
Physical climate Ecological tipping Social tipping
tipping processes processes processes
Degree of Low/Absent Intermediate High
agency
Network Uncommon Common Common
structure
Temporal-spatial ~ Slower and larger Faster and smaller Faster and
scales smaller
Degree of Lower Intermediate High
complexity
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Figure S1: Environment and Corona as an important issue in Germany. Percentages of potential
German voters that list the environment and the Coronavirus as an important issue for the country
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from August 2018 — September 2020, showing the change since the beginning of Greta Thunberg's
protest actions. Dotted grey vertical lines display days of global strikes organized by

FridaysForFuture in March, May and September 2019. Data is collected by Forschungsgruppe
Wahlen: Politbarometer .
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Abstract. Analysis of Earth system dynamics in the Anthropocene requires explicitly taking into account the
increasing magnitude of processes operating in human societies, their cultures, economies and technosphere
and their growing feedback entanglement with those in the physical, chemical and biological systems of the
planet. However, current state-of-the-art Earth system models do not represent dynamic human societies and their
feedback interactions with the biogeophysical Earth system and macroeconomic integrated assessment models
typically do so only with limited scope. This paper (i) proposes design principles for constructing world—Earth
models (WEMs) for Earth system analysis of the Anthropocene, i.e., models of social (world)—ecological (Earth)
coevolution on up to planetary scales, and (ii) presents the copan:CORE open simulation modeling framework
for developing, composing and analyzing such WEMs based on the proposed principles. The framework pro-
vides a modular structure to flexibly construct and study WEMSs. These can contain biophysical (e.g., carbon
cycle dynamics), socio-metabolic or economic (e.g., economic growth or energy system changes), and sociocul-
tural processes (e.g., voting on climate policies or changing social norms) and their feedback interactions, and
they are based on elementary entity types, e.g., grid cells and social systems. Thereby, copan:CORE enables the
epistemic flexibility needed for contributions towards Earth system analysis of the Anthropocene given the large
diversity of competing theories and methodologies used for describing socio-metabolic or economic and socio-
cultural processes in the Earth system by various fields and schools of thought. To illustrate the capabilities of
the framework, we present an exemplary and highly stylized WEM implemented in copan:CORE that illustrates
how endogenizing sociocultural processes and feedbacks such as voting on climate policies based on socially
learned environmental awareness could fundamentally change macroscopic model outcomes.
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1 Introduction

In the Anthropocene, Earth system dynamics are equally
governed by two kinds of internal processes: those operating
in the physical, chemical and biological systems of the planet
and those occurring in its human societies, their cultures
and economies (Schellnhuber, 1998, 1999; Crutzen, 2002;
Lucht and Pachauri, 2004; Steffen et al., 2018). The history
of global change is the history of the increasing planetary-
scale entanglement and strengthening of feedbacks between
these two domains (Lenton and Watson, 2011). Therefore,
Earth system analysis of the Anthropocene requires clos-
ing the loop by integrating the dynamics of complex human
societies into integrated whole Earth system models (Ver-
burg et al., 2016; Donges et al., 2017a, b; Calvin and Bond-
Lamberty, 2018). Such models need to capture the coevolv-
ing dynamics of the social (the world of human societies)
and natural (the biogeophysical Earth) spheres of the Earth
system on up to global scales and are referred to as world—
Earth models (WEMs) in this article. In pursuing this in-
terdisciplinary integration effort, world—Earth modeling can
benefit from and build upon the work done in fields such as
social—ecological systems (Berkes et al., 2000; Folke, 2006)
and coupled human and natural systems (Liu et al., 2007)
research or large-scale behavioral land-use (Arneth et al.,
2014; Rounsevell et al., 2014) and socio-hydrological mod-
eling (Di Baldassarre et al., 2017). However, it emphasizes
more the study of planetary-scale interactions between hu-
man societies and parts of the Earth’s climate system such
as atmosphere, ocean and the biosphere, instead of more lo-
cal and regional-scale interactions with natural resources that
these fields have typically focused on in the past (Donges
et al., 2018).

The contribution of this paper is twofold: first, follow-
ing a more detailed motivation (Sect. 1.1), general theoret-
ical considerations and design principles for a novel class
of integrated WEMs are discussed (Sect. 1.2) and WEMs
are elaborated in the context of existing global modeling
approaches (Sect. 1.3). Second, after a short overview of
the copan:CORE open World-Earth modeling framework
(Sect. 2), an exemplary full-loop WEM is presented and stud-
ied (Sect. 3), showing the relevance of internalizing sociocul-
tural processes. Finally, Sect. 4 concludes the paper.

1.1 State of the art and research gaps in Earth system
analysis

Computer simulation models are pivotal tools for gaining
scientific understanding and providing policy advice for ad-
dressing global change challenges such as anthropogenic
climate change or rapid degradation of biosphere integrity
and their interactions (Rockstrom et al., 2009; Steffen et al.,
2015). At present, two large modeling enterprises consid-
ering the larger Earth system in the Anthropocene are ma-
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ture (van Vuuren et al., 2016). (i) Biophysical Earth sys-
tem models (ESMs) derived from and built around a core of
atmosphere—ocean general circulation models that are evalu-
ated using storyline-based socioeconomic scenarios to study
anthropogenic climate change and its impacts on human so-
cieties (e.g., representative concentration pathways, RCPs)
(Stocker et al., 2013). (ii) Socioeconomic integrated assess-
ment models (IAMs) are operated using storyline-based so-
cioeconomic baseline scenarios (e.g., shared socioeconomic
pathways, SSPs; Edenhofer et al., 2014) and evaluate tech-
nology and policy options for mitigation and adaption lead-
ing to different emission pathways. There is a growing num-
ber of intersections, couplings and exchanges between the
biophysical and socioeconomic components of these two
model classes for increasing their consistency (van Vuuren
et al., 2012; Foley et al., 2016; Dermody et al., 2018; Robin-
son et al., 2018; Calvin and Bond-Lamberty, 2018).

However, the existing scientific assessment models of
global change only include dynamic representations of the
sociocultural dimensions of human societies to a limited de-
gree — if at all (Fig. 1), i.e., the diverse political and eco-
nomic actors, the factors influencing their decisions and be-
havior, their interdependencies constituting social network
structures and institutions (Verburg et al., 2016; Donges
et al., 2017a, b), and the broader technosphere they created
(Haff, 2012, 2014). In IAMs, these sociocultural dimensions
are partly represented by different socioeconomic scenarios
(e.g., SSPs), providing the basis for different emission path-
ways. These are in turn used in ESMs as external forcing,
constraints and boundary conditions to the modeled Earth
system dynamics. However, a dynamic representation would
be needed to explore how changes in the global environment
influence these sociocultural factors and vice versa.

There are large differences in beliefs, norms, economic in-
terests and political ideologies of various social groups and
their metabolic profiles, which are related to their access and
use of energy and resources (Fischer-Kowalski, 1997; Otto
et al., 2019; Lenton et al., 2016; Lenton and Latour, 2018).
Historical examples show that these differences might lead
to rapid social changes, revolutions and sometimes also dev-
astating conflicts, wars and collapse (Betts, 2017; Cumming
and Peterson, 2017). In other cases, the inability to estab-
lish effective social institutions controlling resource access
might lead to unsustainable resource use and resource degra-
dation (see the discussion around the tragedy of the com-
mons, Ostrom, 1990; Jager et al., 2000; Janssen, 2002). Cli-
mate change is a paradigmatic example of a global commons
that needs global institutional arrangements for the use of the
atmosphere as a deposit for greenhouse gas emissions if sub-
stantial environmental and social damage is to be avoided in
the future (Edenhofer et al., 2015; Schellnhuber et al., 2016b;
Otto et al., 2017).
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Integrated 1.2 World—Earth modeling: contributions towards Earth
Earth system assessment World-Earth system analysis of the Anthropocene
models models models
B g rgn To this end, the case has been made that substantial ef-
Process- ) i 3 S forts are required to advance the development of integrated
detailed Stylized Stylized 2 E world—Earth system models for the study of the Anthro-
§ 2 g pocene (Verburg et al., 2016; Donges et al., 2017a, b; Calvin
§ 5 @ and Bond-Lamberty, 2018). The need for developing such
£e G 38 next-generation social—ecological models has been recog-
9 (e.g- emission Process- Stylized g8 nized in several subdisciplines of global change science deal-
Q O and land-use detailed oo . . . .
? g‘_ scenarios) % 3 ing with socio-hydrology (Di Baldassarre et al., 2017; Keys
o= ?, and Wang-Erlandsson, 2018), land-use dynamics (Arneth
s » = et al., 2014; Robinson et al., 2018) and the globalized food—
u . §. water—climate nexus (Dermody et al., 2018). While in recent
None Prescqbed Process- 2 here has b in develoni lized
narratives detailed g years there has been some progress in developing stylize
g models that combine sociocultural with economic and natu-
— - ral dynamics (e.g., Janssen and De Vries, 1998; Kellie-Smith
L ! and Cox, 2011; Garrett, 2014; Motesharrei et al., 2014; Wie-
Model class dermann et al., 2015; Heck et al., 2016; Barfuss et al., 2017,

Figure 1. World-Earth models (WEMs) in the space of model
classes used for scientific analysis of global change. It is shown
to what degree current Earth system models, integrated assess-
ment models and WEMs cover environmental or biophysical, so-
cioeconomic or metabolic, and sociocultural processes. The term
“process-detailed” indicates the types of Earth system processes
that the different model classes typically focus on representing.
However, also in these core areas the level of detail may range from
very stylized to complex and highly structured.

In order to explore the risks, dangers and opportunities for
sustainable development, it is important to understand how
biophysical, socioeconomic and sociocultural processes in-
fluence each other (Donges et al., 2018), how institutional
and other social processes function, and which tipping el-
ements can emerge from the interrelations of the subsys-
tems (Lenton et al., 2008; Kriegler et al., 2009; Cai et al.,
2016; Kopp et al., 2016; Otto et al., 2020a). To address these
questions, the interactions of social systems and the natural
Earth system can be regarded as part of a planetary social—
ecological system (SES) or world—Earth system, extending
the notion of SES beyond its common usage to describe sys-
tems on local scales (Berkes et al., 2000; Folke, 2006). This
dynamical systems perspective allows us to explore under
which preconditions the maintenance of planetary bound-
aries (Rockstrom et al., 2009; Steffen et al., 2015), i.e., a
Holocene-like state of the natural Earth system, can be recon-
ciled with human development to produce an ethically defen-
sible trajectory of the whole Earth system (i.e., sustainable
development) (Raworth, 2012; Steffen et al., 2018).
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Nitzbon et al., 2017; Beckage et al., 2018), more advanced
and process-detailed WEMs are not yet available for study-
ing the deeper past and the longer-term Anthropocene future
of this coupled system. The research program investigating
the dynamics and resilience of the world—Earth system in the
Anthropocene can benefit from recent advances in the theory
and modeling of complex adaptive systems (Farmer et al.,
2015; Verburg et al., 2016; Donges et al., 2017a, b; Calvin
and Bond-Lamberty, 2018). When advancing beyond styl-
ized modeling, a key challenge for world—Earth modeling is
the need to take into account the agency of heterogeneous so-
cial actors and global-scale adaptive networks carrying and
connecting social, economic and ecological processes that
shape social—ecological coevolution (Otto et al., 2020b).

A number of new developments make it attractive to re-
visit the challenge of building such WEMs now. Due to
the huge progress in computing, comprehensive Earth sys-
tem modeling is advancing fast. And with the ubiquity of
computers and digital communication for simulation and
data acquisition in daily life (Otto et al., 2015), efforts to
model complex social systems are increased and become
more concrete. Recent advances, for example in the the-
ory of complex (adaptive) systems, computational social sci-
ences, social simulation and social-ecological system mod-
eling (Farmer and Foley, 2009; Farmer et al., 2015; Hel-
bing et al., 2012; Miiller-Hansen et al., 2017; Schill et al.,
2019) make it feasible to include some important macro-
scopic dynamics of human societies regarding, among oth-
ers, the formation of institutions, values and preferences and
various processes of decision-making in a model of the whole
Earth system, i.e., the physical Earth including its socially
organized and mentally reflexive humans. Furthermore, new
methodological approaches are developing fast that allow
representing crucial aspects of social systems, such as adap-
tive complex networks (Gross and Blasius, 2008; Snijders
et al., 2010). Finally, initiatives such as Future Earth (Fu-
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ture Earth, 2014), the Earth League (Rockstrom et al., 2014,
https://www.the-earth-league.org/, last access: 1 April 2020)
and the Open Modeling Foundation (Barton and The Open
Modeling Foundation, 2019) provide a basis for inter- and
transdisciplinary research that could support such an ambi-
tious modeling program.

It is important to emphasize that despite these advances,
integrated world—Earth modeling studies still face challenges
particularly in the areas of selecting and managing the ap-
propriate level of model complexity, mathematical represen-
tations of human behavior and social dynamics, costs of
computation and model development, and data availability
and consistency, as highlighted by a recent literature review
(Calvin and Bond-Lamberty, 2018). While at least a subset
of these challenges tends to apply to many other ambitious
modeling projects in diverse fields, they have been used as a
basis of criticism of past human-environment modeling ex-
ercises such as the classic WORLD3 model in the “Limits
to growth” studies (Meadows et al., 1972). To address these
challenges, as we detail in Sect. 2, world—Earth system mod-
eling should be developed following a modular approach, al-
lowing for the intercomparison of a diversity of modeling ap-
proaches and corresponding extensive robustness and uncer-
tainty analyses (Verburg et al., 2016). Model types and com-
plexity levels should be selected carefully depending on the
research questions of interest (van Vuuren et al., 2016). Com-
munity development is needed to foster the necessary inter-
disciplinary collaboration and to develop common protocols
and ontologies for data, model simulations and intercompar-
ison projects (Otto et al., 2015; Verburg et al., 2016; Calvin
and Bond-Lamberty, 2018; Barton and The Open Modeling
Foundation, 2019).

1.2.1 Research questions for world—Earth modeling

We envision world—Earth modeling to be complementary
to existing simulation approaches for the analysis of global
change. WEMs are not needed where the focus is on the
study of the biophysical and climatic implications of certain
prescribed socioeconomic development pathways (e.g., in
terms of emission and land-use scenarios), since this is the
domain of Earth system models as used in the World Cli-
mate Research Programme’s Coupled Model Intercompari-
son Project (CMIP) (Eyring et al., 2016) that provides input
to the Intergovernmental Panel on Climate Change (IPCC)
reports. Similarly, WEMs are not the tool of choice if the in-
terest is in the normative macroeconomic projection of opti-
mal socioeconomic development and policy pathways inter-
nalizing certain aspects of climate dynamics, e.g., the anal-
ysis of first- or second-best climate change mitigation path-
ways, since this is the domain of state-of-the-art integrated
assessment models.

In turn, WEMs as envisioned by us here are needed when
the research questions at hand require the explicit and in-
ternalized representation of sociocultural processes and their
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feedback interactions with biophysical and socioeconomic
dynamics in the Earth system. In the following, we give ex-
amples of research questions of this type that could be stud-
ied with WEMs in the future, as they have been already elab-
orated in more detail by, e.g., Verburg et al. (2016), Donges
et al. (2017a, b) and Beckage et al. (2018):

1. What are the relative strengths of feedback interac-
tions between biophysical processes in the climate sys-
tem and processes of decision-making and behavioral
change in human societies (Calvin and Bond-Lamberty,
2018)? For example, what is their influence on the un-
certainty of projected global warming under different
emission and land-use scenarios (Beckage et al., 2018)?

2. What are the sociocultural, socioeconomic and environ-
mental preconditions for sustainable development to-
wards and within a “safe and just” operating space for
humankind (Barfuss et al., 2018; O’Neill et al., 2018),
i.e., for a trajectory of the Earth system that eventu-
ally neither violates precautionary planetary boundaries
(Rockstrom et al., 2009; Steffen et al., 2015) nor accept-
able social foundations (Raworth, 2012)?

3. A more specific example of the previous questions is:
how can major socioeconomic transitions towards a de-
carbonized social metabolism, such as a transformation
of the food and agricultural systems towards a sustain-
able, reduced-meat diet that is in line with recent recom-
mendations by the EAT-Lancet Commission on healthy
diets (Willett et al., 2019), be brought about in view of
the strong sociocultural drivers of current food-related
and agricultural practices and the reality of the political
economy in major food-producing countries? And how
would their progress be influenced by realized or antici-
pated tipping of climatic tipping elements like the West
Antarctic Ice Sheet (Wiedermann et al., 2019)?

4. Under which conditions can cascading interactions be-
tween climatic (e.g., continental ice sheets or major
biomes such as the Amazon rain forest) and potential
social tipping elements (e.g., in attitudes towards on-
going or anticipated climate change or eco-migration)
be triggered and how can they be governed (Schellnhu-
ber et al., 2016a; Steffen et al., 2018; Wiedermann
et al., 2019)? What are implications for biophysical and
social—ecological dimensions of Earth system resilience
in the Anthropocene (Donges et al., 2017a)?

5. How do multilevel coalition formation processes (like
the one modeled in Heitzig and Kornek (2018) assum-
ing a static climate) interact with Earth system dynam-
ics via changes in regional damage functions, mitiga-
tion costs, and realized or anticipated distributions of
extreme events that drive changes in public opinions,
which in turn influence the ratification of international
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treaties and the implementation of domestic climate
policies?

6. How do certain social innovations including technology,
policies or behavioral practices diffuse in heterogeneous
agent networks that could have global-scale impacts
on planetary-boundary dimensions (e.g., Farmer et al.,
2019; Tabara et al., 2018; Otto et al., 2020a)? Which
factors, such as network structure, information access
as well as information feedback and update time, affect
the innovation uptake? What are the impacts of a cer-
tain social innovation uptake on different agent groups
(e.g., on agents with different economic, social or cul-
tural endowment)? (Hewitt et al., 2019)

1.2.2 Design principles for world—Earth models

To address research questions of the kind suggested by the
examples given above, we suggest that the development of
WEMs of the type discussed in this paper could be guided
by aiming for the following properties.

1. Explicit representation of social dynamics. Societal pro-
cesses should be represented in an explicit, dynamic
fashion in order to do justice to the dominant role of
human societies in the Anthropocene. (In contrast, so-
cial processes occur typically non-dynamically in ESMs
as fixed socioeconomic pathways and in IAMs as inter-
temporal optimization problems.)

Social processes such as behavioral change as described
by the theory of planned behavior (Beckage et al., 2018)
or social learning (Donges et al., 2018) may be included
in models via comparably simple equation-based de-
scriptions. Yet more detailed WEMs should also allow
for representations of the dynamics of the diverse agents
and the complex social structure connecting them that
constitute human societies, using the tools of agent-
based and adaptive network modeling (Farmer and Fo-
ley, 2009; Farmer et al., 2015; Miiller-Hansen et al.,
2017; Lippe et al., 2019; Schill et al., 2019). The so-
cial sphere is networked on multiple layers and re-
garding multiple phenomena (knowledge, trade, insti-
tutions, preferences, etc.) and that increasing density
of such interacting network structures is one of the
defining characteristics of the Anthropocene (Steffen
et al., 2007; Gaffney and Steffen, 2017). While there
is a rich literature on modeling various aspects of so-
ciocultural dynamics (e.g., Castellano et al., 2009; Sni-
jders et al., 2010; Miiller-Hansen et al., 2017; Schliiter
et al., 2017), this work so far remains mostly discon-
nected from Earth system modeling (Calvin and Bond-
Lamberty, 2018). Accordingly, more detailed WEMSs
should be able to describe decision processes of rep-
resentative samples of individual humans, social groups
or classes and collective agents such as firms, house-
holds or governments. This includes the representation
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of diverse objectives, constraints and decision rules, dif-
ferentiating, for example, by the agent’s social class and
function and taking the actual and perceived decision
options of different agent types into account.

. Feedbacks and coevolutionary dynamics. WEMS should

incorporate as dynamic processes the feedbacks of col-
lective social processes on biogeophysical Earth system
components and vice versa. The rationale behind this
principle is that the strengthening of such feedbacks
is one of the key characteristics of the Anthropocene
(Beckage et al., 2018; Calvin and Bond-Lamberty,
2018). For example, anthropogenic greenhouse gas
emissions drive climate change, which acts back on
human societies through increasingly frequent extreme
events and may in turn change human behaviors rele-
vant for these emissions. Moreover, the ability to simu-
late feedbacks is central to a social-ecological and com-
plex adaptive systems approach to Earth system analy-
sis. Capturing these feedbacks enables them to produce
paths in coevolution space (Schellnhuber, 1998, 1999)
through time-forward integration of all entities and net-
works allowing for deterministic and stochastic dynam-
ics. Here, time-forward integration refers to simulation
of changes in system state over time consecutively in
discrete time steps, rather than solving equations that
describe the whole time evolution at once as in inter-
temporal optimization.

. Nonlinearity and tipping dynamics. WEMs should be

able to capture the nonlinear dynamics that are a pre-
requisite for modeling climatic (Lenton et al., 2008;
Schellnhuber et al., 2016a; Lenton et al., 2019) and
social tipping dynamics (Kopp et al., 2016; Milkoreit
et al., 2018; Otto et al., 2020a) and their interactions
(Kriegler et al., 2009; Cai et al., 2016) that are not or
only partially captured in ESMs and IAMs. This feature
is important because the impacts of these critical dy-
namics are decisive for future trajectories of the Earth
system in the Anthropocene, e.g., separating stabilized
Earth states that allow for sustainable development from
hothouse Earth states of self-amplifying global warming
(Heitzig et al., 2016; Steffen et al., 2018).

. Cross-scale interactions. Modeling approaches for in-

vestigating social-ecological or coupled human and
natural system dynamics have already been devel-
oped. However, they usually focus on local or small-
scale human—nature interactions (Schliiter et al., 2012).
Therefore, such approaches need to be connected across
scales and up to the planetary scale and incorporate in-
sights from macro-level and global modeling exercises
(Cash et al., 2006; Lippe et al., 2019; Ringsmuth et al.,
2019).

. Systematic exploration of state and parameter spaces.

WEMs should allow for a comprehensive evaluation of
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state and parameter spaces to explore the universe of ac-
cessible system trajectories and to enable rigorous anal-
yses of uncertainties and model robustness. Hence, they
emphasize neither storylines nor optimizations but fo-
cus on the exploration of the space of dynamic pos-
sibilities to gain systemic understanding. This princi-
ple allows for crucial Anthropocene Earth system dy-
namics to be investigated with state-of-the-art meth-
ods from complex systems theory, e.g., for measur-
ing different aspects of the stability and resilience of
whole Earth system states and trajectories (Menck et al.,
2013; van Kan et al., 2016; Donges and Barfuss, 2017)
and for understanding and quantifying planetary bound-
aries, safe operating spaces, and their manageability and
reachability as emergent system properties across scales
(Heitzig et al., 2016; Kittel et al., 2017; Anderies et al.,
2019).

1.3 World—Earth models compared to existing modeling
approaches of global change

It is instructive to compare WEMs more explicitly than above
to the two dominant existing classes of global change mod-
els — Earth system models and integrated assessment models
(van Vuuren et al., 2016) — in terms of the degree to which
they represent biophysical, socio-metabolic or economic and
sociocultural subsystems and processes in the world—Earth
system (Fig. 1). Before discussing how model classes map to
these process types, we describe the latter in more detail.

1.3.1 Basic process taxa in world—Earth models

Based on the companion article by Donges et al. (2018) that
is also part of the special issue in Earth System Dynam-
ics on “Social dynamics and planetary boundaries in Earth
system modeling”, we classify processes occurring in the
world—Earth system as three major taxa that represent the
natural and societal spheres of the Earth system as well as
their overlap (Fig. 2). We give only a rough definition and
abstain from defining a finer, hierarchical taxonomy, being
aware that gaining consensus among different disciplines on
such a taxonomy would be unlikely, and we thus leave the
assignment of individual processes and attributes to a given
taxon to the respective model component developers:

— Environment (ENV; environmental, biophysical and nat-
ural processes). The “environment” process taxon is
meant to contain biophysical or “natural” processes
from material subsystems of the Earth system that are
not or only insignificantly shaped or designed by human
societies (e.g., atmosphere—ocean diffusion, growth of
unmanaged vegetation, and maybe the decay of former
waste dumps).

— Metabolism (MET; socio-metabolic and economic pro-
cesses). The “metabolism” process taxon is meant to
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contain socio-metabolic and economic processes from
material subsystems that are designed or significantly
shaped by human societies (e.g., harvesting, afforesta-
tion, greenhouse gas emissions, waste dumping, land-
use change, infrastructure building). Social metabolism
refers to the material flows in human societies and
the way societies organize their exchanges of energy
and materials with nature (Fischer-Kowalski, 1997;
Martinez-Alier, 2009).

— Culture (CUL; sociocultural processes). The “culture”
process taxon is meant to contain sociocultural pro-
cesses from immaterial subsystems (e.g., opinion adop-
tion, social learning, voting, policy making) that are de-
scribed in models in a way abstracted from their mate-
rial basis. Culture in its broadest definition refers to ev-
erything people do, think and possess as members of so-
ciety (Bierstedt, 1963, p. 129). Sociocultural processes
such as value and norm changes have been suggested to
be key for understanding the deeper human dimensions
of Earth system dynamics in the Anthropocene (Nyborg
et al., 2016; Gerten et al., 2018)

1.3.2 Mapping model classes to Earth system
processes

Earth system models focus on the process-detailed descrip-
tion of biogeophysical dynamics (e.g., atmosphere—ocean
fluid dynamics or biogeochemistry), while socio-metabolic
processes (e.g., economic growth, greenhouse gas emissions
and land use) are incorporated via external forcing and so-
ciocultural processes (e.g., public opinion formation, politi-
cal and institutional dynamics) are only considered implicitly
through different scenarios regarding the development of ex-
ogenous socio-metabolic drivers (Fig. 1). Integrated assess-
ment models typically contain a more stylized description
of biophysical dynamics, are process-detailed in the socio-
metabolic or economic domains, and are driven by narratives
such as the SSPs (O’Neill et al., 2017) in the sociocultural
domain. In turn, WEMs could ultimately integrate all three
domains with varying focus depending on the research ques-
tions of interest. The focus of current and near-future devel-
opments in world—Earth modeling would likely lie on the
development of a detailed description of sociocultural pro-
cesses because they are the ones where the least work has
been done so far in formal Earth system modeling.

2 The copan:CORE open world—-Earth modeling
framework

Here we give a short overview of the world—Earth open mod-
eling framework copan:CORE that was designed following
the principles given above (Sect. 1.2) and is more formally
described and justified in detail in the Supplement. It en-
ables a flexible model design around standard components
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Figure 2. Overview of the copan: CORE open World—Earth modeling framework. The entities in copan: CORE models are classified by entity
types (e.g., grid cell, social system, individual; see b). Each process belongs to either a certain entity type or a certain process taxon (a).
Processes are further distinguished by formal process types (see text for a list), which allow for various different modeling approaches (c).
Entity types, process taxa and process types can be freely combined with each other (gray lines). Thick gray lines indicate which combinations
are most common. The copan:CORE framework allows us to consistently build world—Earth models across the spectrum from stylized and
globally aggregated to more complex and highly resolved variants in terms of spatial and social structure. Hence, entity types, process taxa
and types may or may not be present in specific models. For example, a stylized and globally aggregated model would describe the dynamics
of the entity types “world” and “social system” and contain neither cells nor individual agents as entities.

and model setups that allows the investigation of a broad
set of case studies and research questions using both sim-
ple and complex models. Its flexibility and role-based mod-
ularization support flexible scripting by end users, interop-
erability and dynamic coupling with existing models, and
a collaborative and structured development in larger teams.
copan:CORE is an open, code-based (rather than graphical)
simulation modeling framework with a clear focus on Earth
system models with endogenous human societies. In other
words, it is a tool that provides a standard way of building
and running simulation models without giving preference to
any particular modeling approach or theory describing hu-
man behavior and decision-making and other aspects of so-
cial dynamics (Miiller-Hansen et al., 2017; Schliiter et al.,
2017). Different model components can implement differ-
ent, sometimes disputed, assumptions about human behavior
and social dynamics from theories developed within differ-
ent fields or schools of thought. This allows for comparison
studies in which one component is replaced by a different
component modeling the same part of reality in a different
way and exploring how the diverging assumptions influence
the model outcomes.

All components can be developed and maintained by dif-
ferent model developers and can be flexibly composed into
tailor-made models used for particular studies again by dif-
ferent researchers (Fig. 3). The framework facilitates the in-
tegration of different types of modeling approaches. It per-
mits, for example, combining micro-economic models (e.g.,
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of a labor market at the level of individuals) with systems of
ordinary differential equations (modeling, for example, a car-
bon cycle). Similarly, systems of implicit and explicit equa-
tions (e.g., representing a multi-sector economy) can be com-
bined with Markov jump processes (for example, represent-
ing natural hazards). It also provides coupling capabilities
to preexisting biophysical Earth system and economic inte-
grated assessment models and thus helps to benefit from the
detailed process representations embedded in these models.
Many of our design choices are based on experiences very
similar to those reported in Robinson et al. (2018), in partic-
ular regarding the iterative process of scientific modeling and
the need for open code, a common language for a broader
community and a high level of consistency without losing
flexibility. These features distinguish the copan:CORE mod-
eling framework from existing modeling frameworks and
platforms.

A model composed with copan:CORE describes a cer-
tain part of the world—Earth system as consisting of a po-
tentially varying set of entities (“things that are”, e.g., a spot
on the Earth’s surface, the European Union, yourself), which
are involved in processes (“things that happen”, e.g., vege-
tation growth, economic production, opinion formation) that
affect entities’ attributes (“how things are”, e.g., the spot’s
harvestable biomass, the EU’s gross product, your opinion
on fossil fuels, the atmosphere—ocean diffusion coefficient)
which represent the variables (including parameters) of a
model. An attribute can have a simple or complex data type,
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Figure 3. Model composition through multiple inheritance of attributes and processes by process taxa and entity types. This stylized class
diagram shows how a model in copan:CORE can be composed from several model components (only two shown here: the mandatory
component “base” and the fictitious component “migration”) that contribute component-specific processes and attributes to the model’s
process taxa and entity types (only two shown here: “individual” and “SocialSystem”). To achieve this, the classes implementing these entity
types on the model level are composed via multiple inheritance (solid arrows) from their component-level counterparts (so-called “mixin”

classes).

e.g., representing a binary variable, a whole social network
or, to facilitate interoperability and validation, a dimensional
quantity with a proper physical unit.

Entities are classified by entity type (cell, social system,
individual, etc.), processes by their formal process type (see
below), and both are represented by objects in an object-
oriented software design, currently using the Python pro-
gramming language. Each process and each attribute be-
longs to an entity type or a process taxon (environmental,
socio-metabolic, sociocultural). Currently, the following for-
mal process types are supported, enabling typical modeling
approaches:

— ordinary differential equations representing continuous
time dynamics,

— explicit or implicit algebraic equations representing
(quasi-)instantaneous reactions or equilibria,

— steps in discrete time representing processes aggregated
at the level of some regular time interval or for coupling
with external, time-step-based models or model compo-
nents, and

— events happening at irregular or random time points,
representing (e.g., agent-based and adaptive network
components or externally generated extreme events).

Processes can be implemented either using an impera-
tive programming style via class methods or using sym-
bolic expressions representing mathematical formulae. co-
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pan:CORE’s modularization and role concept distinguish be-
tween

— model components developed by model component
developers, implemented as sub-packages of the co-
pan:CORE software package providing interface and
implementation mixin classes for entity types and pro-
cess taxa,

— models made from these by model composers, imple-
mented by forming final entity types and process taxa
from these mixin classes,

— studies by model end users in the form of scripts that
import, initialize and run such a model,

— a master data model providing metadata for common
variables to facilitate interoperability of model compo-
nents and a common language for modelers, managed
by a modeling board.

Entity types and their basic relations shipped with co-
pan:CORE are the following:

— “world”, representing the whole Earth (or some other
planet).

— “cell”, representing a regularly or irregularly shaped
spatial region used for discretizing the spatial aspect of
processes and attributes which are actually continuously
distributed in space.
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— “social system”, such as a megacity, country or the EU.
It can be interpreted as a human-designed and human-
reproduced structure including the flows of energy, ma-
terial, financial and other resources that are used to sat-
isfy human needs and desires, influenced by the accessi-
bility and use of technology and infrastructure (Fischer-
Kowalski, 1997; Otto et al., 2020b), and may include
social institutions such as informal systems of norms,
values and beliefs and formally codified written laws
and regulations, governance, and organizational struc-
tures (Williamson, 1998).

— “individual”, representing a person, typically used in a
network-theoretic, game-theoretic or agent-based com-
ponent. In contrast to certain economic modeling ap-
proaches that use “representative” consumers, an indi-
vidual in copan:CORE is not meant to represent a whole
class of similar individuals (e.g., all the actual individu-
als of a certain profession) but just one specific individ-
ual. Still, the set of all individuals contained in a model
will typically be interpreted as being a representative
sample of all relevant real-world people. Each individ-
ual resides in a cell that belongs to a social system.

Figure 2 illustrates these concepts. Although there is
no one-to-one correspondence between process taxa, entity
types and modeling approaches, some combinations are ex-
pected to occur more often than others, as indicated by the
thicker gray connections in Fig. 2. We expect environmen-
tal (ENV) processes to deal mostly with cells (for local pro-
cesses such as terrestrial vegetation dynamics described with
spatial resolution) and world(s) (for global processes de-
scribed without spatial resolution, e.g., the greenhouse ef-
fect) and sometimes social systems (for mesoscopic pro-
cesses described at the level of a social system’s territory,
e.g., the environmental diffusion and decomposition of in-
dustrial wastes). Socio-metabolic (MET) processes will pri-
marily deal with social systems (e.g., for processes described
at national or urban level), cells (for local socio-metabolic
processes described with additional spatial resolution for eas-
ier coupling to natural processes) and world(s) (for global
socio-metabolic processes such as international trade) and
only rarely with individuals (e.g., for micro-economic model
components such as consumption, investment or the job mar-
ket). Sociocultural (CUL) processes will mostly deal with in-
dividuals (for “micro”-level descriptions) and social systems
(for “macro”-level descriptions), and rarely world(s) (for in-
ternational processes such as diplomacy or treaties). Other
entity types such as firms, social groups or institutions can
be added to the framework if needed.
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3 Influence of social dynamics in a
minimum-complexity world—Earth model
implemented using copan:CORE

In this section, we present an illustrative example of a model
realized with our framework. The example model was de-
signed to showcase the concepts and capabilities of co-
pan:CORE in a rather simple WEM, and its components were
chosen so that all entity types and process taxa and most
features of copan:CORE are covered. Although most model
components are somewhat plausible versions of model com-
ponents that can be found in the various literatures, the ex-
ample model is intended to be a toy representation of the real
world rather than one that could be used directly for study-
ing concrete research questions. Likewise, although we show
example trajectories that are based on parameters and ini-
tial conditions that roughly reproduce current values of real-
world global aggregates in order to make the example as ac-
cessible as possible, the time evolutions shown may not be
interpreted as any kind of meaningful quantitative prediction
or projection.

In spite of this modest goal here, it will become obvious
from the presented scenarios that including sociocultural dy-
namics such as migration, environmental awareness, social
learning and policy making in more serious models of the
global coevolution of human societies and the environment
will likely make a considerable qualitative difference to their
results and thus have significant policy implications.

The example model includes the following groups of
processes: (1) a version of the simple carbon cycle used
in Nitzbon et al. (2017) (based on Anderies et al., 2013)
coarsely spatially resolved into four heterogeneous boxes;
(2) a version of the simple economy used in Nitzbon et al.
(2017) resolved into two world regions. The fossil and
biomass energy sectors are complemented by a renewable
energy sector with technological progress based on learning
by doing (Nagy et al., 2013) and with human capital depre-
ciation; and (3) domestic voting on subsidizing renewables
and banning fossil fuels that is driven by individual environ-
mental friendliness. The latter results from becoming aware
of environmental problems by observing the local biomass
density and diffuses through a social acquaintance network
via a standard model of social learning (see, e.g., Holley and
Liggett, 1975). These processes cover all possible process
taxon interactions as shown in Table 1 and are distributed
over six model components in the code as shown in Fig. 4.

We now describe the model components in detail. As many
processes add terms to variables’ time derivatives, we use the
notation X + = Y to indicate this. The effective time evolu-
tion of X is then determined by the sum of the individual
processes given below.
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Table 1. Possible classification of exemplary model processes by owning process taxon (row) and affected process taxon (column) (fol-
lowing the taxonomy developed in the companion paper Donges et al., 2018): environmental (ENV), social-metabolic (MET) and sociocul-
tural (CUL).

— CUL MET ENV
CUL  social learning, voting  energy policy environmental protection
MET  well-being production, capital growth  extraction, harvest, emissions
ENV  well-being, awareness ~ resource availability carbon cycle
Environmental awareness Economic production Global carbon cycle
Culture Cell World
Find individuals to update Sectoral productivity Greenhouse effect
| Individual. .- . . Total productivity Ocean-atmosphere coupling
‘| Update awareness SocialSystem Cell
SocialSystem Egont;migprgduc;ior; T Photosynthesis
Biomass protection Harvest Respiration
Extinction
Voting on climate policy Emission
SocialSystem j
| Take vote | | Economic growth
SocialSystem
Social learning Investment
Culture Growth
‘ Find individuals to update Depreciation
Individual L
i Learn environm. friendl.

Figure 4. Components, entity types and processes of the example model. Each box represents a model component that contributes several
processes (white bars) to different entity types and process taxa (differently hashed rectangles).

3.1 Entity types (processes of type “ODE”), with a diffusion rate d =
0.016 yr~! and a solubility parameter m = 1.5. On the level
of a cell ¢, A and the cell’s terrestrial carbon stock L. (ini-
tially 620 GtC for all four c) are changed by a respiration
flow RF, and a photosynthesis flow PF_:

The example model contains one world representing the
planet, two social systems representing the Global North
and South, four cells representing major climate zones: “bo-
real” and “temperate” belonging to the territory of the Global

North and “subtropical” and “tropical” belonging to the A += RF,—PF,, L.+ = PF.—RF,. )
Global South, and 100 representative individuals per cell,
which form the nodes of a fixed acquaintance network. The respiration rate depends linearly on temperature, which

is expressed as a dependency on atmospheric carbon den-
sity A/ 2, where ¥ = 1.5 x 108 km? is the total land surface

3.2 Global carbon cycle area, so that

Our carbon cycle follows a simplified version of An-
deries et al. (2013) presented in Nitzbon et al. (2017) with
coarsely spatially resolved vegetation dynamics. On the
world level, an immediate greenhouse effect translates the
atmospheric carbon stock A (initially 830 GtC) linearly into
a mean surface air temperature 7' = Trer+a(A — Aref) (a pro-
cess of type explicit equation) with a sensitivity parame-
ter a = 1.5K/1000 GtC and reference values Ty = 287K
and Arer = 589 GtC. There is ocean—atmosphere diffusion

RF. =(ap+asA/Z) L., 3)

with a basic rate ag=0.0298 yr‘1 and carbon sensitiv-
ity as = 3200 km? GtC~! yr—!. The photosynthesis rate also
depends linearly on temperature (and hence on A) with
an additional carbon fertilization factor growing concavely
with A/X and a space competition factor similar to a logis-
tic equation, giving

between A and the upper-ocean carbon stock M (initially PE=(lo+I4A/S)VA/S(1 —L¢/kSe) L, )
1065 GtC):

] ] with  land  area Y. =%/4, parameters [op=
A4+=dM-mA), M+=dmA—-M) (1) 34kmGtC2yr~! and 14 = 1.1 x 10® km3 GtC—3/2 yr~1,
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and per-area terrestrial carbon capacity k=25 x
103GtC/1.5 x 10%km?. Note that the linear tempera-
ture dependency and the missing water dependency, in
particular, make this model rather stylized; see also Lade
et al. (2018).

3.3 Economic production

As in Nitzbon et al. (2017), economic activity consists of
producing a final good Y from labor (assumed to be propor-
tional to population P), physical capital K (initially Knorth =
4% 1013, Ksoun = 2 x 10'3, both given in units of USD), and
energy input flow E. The latter is the sum of the outputs of
three energy sectors, fossil energy flow Ef, biomass energy
flow Eg, and (other) renewable energy flow R. The process is
described by a nested Leontieff and Cobb—Douglas produc-
tion function for ¥ and Cobb-Douglas production functions
for Er, Eg and R, all of them here on the level of a cell c:

Y= yemin (Ec.by Ky PJL), Ec=Erc+Epc+Re, (5)

Erc = brKg' PR oGl (©)
r

Epc=bpKg' P2 (Le— L2)", ©)

Re = bR KR PR Sy . (8)

In this, yg = USD 147 GJ7! is the energy efficiency, G is
the cell’s fossil reserves (initially 0.4, 0.3, 0.2 and 0.1 x
1125 GtC in the boreal, temperate, subtropical and tropi-
cal cells), LY is the environmentally protected amount of
terrestrial carbon (see below), S; gives the renewable en-
ergy production knowledge stock of the corresponding so-
cial system s (initially 2 x 101 GI), and k, =1, =y =1 =
o =2/5 are elasticities leading to slightly increasing re-
turns to scale. The productivity parameters b, have units
that depend on the elasticities and are chosen so that ini-
tial global energy flows roughly match the observed val-
ues: bp=1.4x10°GP yr>GtC2USD2 , bg =6.8 x
108 GPP yr>GtC~2USD 2, and br.=0.7, 0.9, 1.1 and
1.3 times the mean value bgr = 1.75 x 10-"aGrP yr‘5 USD2
in boreal, temperate, subtropical and tropical to reflect re-
gional differences in solar insolation. As in Nitzbon et al.
(2017), we assume by > bg, bg, br so that its actual value
has no influence because then Ky < K; and Py < Y;.
Furthermore, K, and P, . are the shares of a social sys-
tem s’s capital K and labor L, that are endogenously allo-
cated to the production processes in cell ¢ so that

Ks = Z(KY,C+KF,C +KB,C +KR,C) (9)
Cces

and similarly for its population Ps. The latter shares are de-
termined on the social system level in a general equilibrium
fashion by equating both wages (marginal productivity of la-
bor) and rents (marginal productivity of capital) in all cells
and sectors, assuming costless and immediate labor and cap-
ital mobility between all cells and sectors within each social
system:
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ayEEF,c/BPF,c = a}’EEB,t:/apB,c =0dyER:/IPRc = Wy (10)

for all ¢ € s, and similarly for K, ¢. The production functions
and elasticities are chosen so that the corresponding equa-
tions can be solved analytically (see Nitzbon et al. (2017) for
details), allowing us to first calculate a set of “effective sec-
tor or cell productivities” by a process of type explicit equa-
tion on the cell level, which are used to determine the labor
and capital allocation weights P, /P and K, /K, and then
calculate output Y;, carbon emissions, and all cells’ fossil and
biomass extraction flows in another process of type explicit
equation on the social system level. Given the latter, a second
process of type ODE on the social system level changes the
stocks A, G, and L, for all cells accordingly.

3.4 Economic growth

Again as in Nitzbon et al. (2017), but here on the social sys-
tem level, a fixed share i (here 0.244) of economic produc-
tion Y; is invested into physical capital K;:

Ke+=iY,. 11

Capital also depreciates at a rate that depends linearly on
surface air temperature to represent damage from climate
change:

Ky += —(ko+kr (T — Tx)) K (12)

with kg =0.1yr~! k7 =0.05yr ' K1, and Tx =287K.In
addition, renewable energy production knowledge S grows
proportional to its utilization via learning by doing:

Ss 4+ = R;. (13)

Finally, we interpret S as a form of human capital that also
depreciates at a constant rate (due to forgetting or becoming
useless because of changing technology, etc.):

Sy += —BSs, (14)

with 8 = 0.02 yr~!. Note that unlike in Nitzbon et al. (2017),
we consider populations to be constant at PNorh = 1.5 X 10°
and Psouth = 4.5 x 10° to avoid the complexities of a well-
being-driven population dynamics component (which could,
however, be implemented in the same way as in Nitzbon et al.
(2017) on the social system level).

3.5 Environmental awareness

On the level of the culture process taxon, an “awareness up-
dating” process of type “event” occurs at random time points
with a constant rate (i.e., as a Poisson process, here with a
rate of 4 yr~!), representing times at which many people be-
come aware of the state of the environment, e.g., because of
notable environmental events. At each such a time point, each
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individual independently updates their environmental friend-
liness (a Boolean variable) with a certain probability. When
individuals update, they switch from “false” to “true” with a
probability ¥+ depending on the terrestrial carbon density in
their cell ¢, TCD, = L./ %, given by

Yt =exp (—TCDc /TCDL) , (15)
and switches from true to false with a probability
™ =1—exp (—TCDC /TCDT) , (16)

where TCD' =1 x 107 and TCD" =4 x 10~ are sensi-
tivity parameters with TCD < TCD to generate hysteresis
behavior. As a consequence, a fraction LY of the terrestrial
carbon L. is protected from harvesting for economic produc-
tion. This fraction is proportional to the cell’s social system’s
population share represented by those individuals which are
environmentally friendly. The initial share of environmen-
tally friendly individuals will be varied in the bifurcation
analysis below.

3.6 Social learning

Similarly, on the culture level, “social learning” events oc-
cur at random time points with a constant rate (here 4 yr™!),
representing times at which the state of the environment be-
comes a main topic in the public debate. At each such time
point, each individual i independently compares their envi-
ronment with that of a randomly chosen acquaintance j with
a certain fixed probability (here 1/10). j then convinces i
to copy j’s environmental friendliness with a probability Y
that depends via a sigmoidal function on the difference in
logs between both home cells’ terrestrial carbon densities:

¥ = 1/2 +arctan (¢’ (log TCD; — log TCD; —log p')) /7, (17)

where ¢’ = 1 and p’ = 1 are slope and offset parameters. The
underlying social network is a block model network in which
each individual is on average linked to 10 randomly chosen
others: 5 in the same cell, 3.5 in the other cell of the same
social system and 1.5 in the other social system.

3.7 Voting on climate policy

Each (of the two) social systems performs general elections
at regular time intervals (hence implemented as a process of
type “step”, here every 4 years) which may lead to the intro-
duction or termination of climate policies. If at the time 7 of
the election, more than a certain threshold (here 1/2) of the
population is environmentally friendly, both a subsidy for re-
newables (here USD 50 GJ 1) is introduced and use of fossils
is banned. This leads to a shift in the energy price equilib-
rium that determines the energy sector’s allocation of labor
and capital, which then reads
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marginal production cost of biomass energy
= marginal production cost of renewable energy
— renewable subsidy.

Conversely, if these policies are already in place but the en-
vironmentally friendly population share is below some other
thresholds (here also 1/2), these policies are terminated.

Note that we have chosen to model awareness formation
and social learning in an agent-based fashion here mainly
to illustrate that such an approach can easily be combined
with other approaches in copan:CORE, not because we want
to claim that an agent-based approach is the most suitable
here. Indeed, one may well want to replace these two agent-
based model components by equation-based versions which
approximate their behavior in terms of macroscopic quanti-
ties (e.g., as in Wiedermann et al., 2015), and because of the
modular design of copan:CORE, this can easily be done and
the two model versions could be compared (nevertheless, this
is beyond the scope of this paper).

3.8 Results

In order to show in particular what effect the inclusion of so-
ciocultural processes into WEMs can have on their results,
we compare two representative 100-year runs of the exam-
ple model described above: one without the sociocultural
processes environmental awareness, social learning, and vot-
ing (left panels of Fig. 5) and another with these processes
included (right panels of Fig. 5). Both runs start in model
year O from the same initial conditions and use the same pa-
rameters, which were chosen to roughly reflect real-world
global aggregates of the year 2000 (see above). For the sim-
ulation without social processes (left panels of Fig. 5) both
social systems (“Global North” as solid and “Global South”
as dashed lines) initially rely on fossil energy in order to
meet their energy needs, thus causing a rise in atmospheric
and ocean carbon and a decline in fossil carbon stocks. Sim-
ilarly both social systems initially rely heavily on energy
from biomass, with the consequence of a reduction in terres-
trial carbon. Due to the technology becoming competitive,
the Global South changes its energy production to renewable
energy comparatively early in the simulation, resulting in a
fast fading out of biomass and fossils as an energy source.
Due to its larger fossil reserves and lower solar insolation,
the Global North takes 2 decades longer to make this switch.
However, this delay in the Global North causes high atmo-
spheric carbon, hence a high global mean temperature, which
due to our oversimplified vegetation model makes the terres-
trial carbon stock decline further even after biomass has been
phased out as an energy source as well, recovering only much
later (not shown). In both social systems, economic growth
declines until the switch, then boosts and later declines again
since neither population nor total factor productivity grow in
our model. Once the Global South switches to renewables,
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it hence overtakes the Global North, and this reversed in-
equality is then sustained as our model includes no trade,
knowledge spillovers, migration or other direct interaction
which would lead to economic convergence. Certainly, such
results are not in themselves realistic (as this model does not
intend to be) or transferable to real-world application. Fu-
ture WEMs, therefore, should include such processes beyond
pure economic ones in order to properly capture real-world—
Earth dynamics; see the Supplement for some corresponding
extensions of this model.

If social processes are considered, we obtain qualitatively
similar but quantitatively different trajectories, e.g., in the
right panels of Fig. 5, where we initially assume 40 % of all
individuals are environmentally friendly. As before, both so-
cial systems initially rely on energy produced from fossils
and biomass, but as biomass reduces terrestrial carbon den-
sity, environmental awareness makes some people environ-
mentally friendly and this spreads via social learning. Once
half of the population is environmentally friendly, the next
elections in that social system bring a fossil ban and subsidies
for renewables. This causes a slightly earlier switch to re-
newables than before, especially in the Global North (dashed
lines in Fig. 5). This ultimately results in lower atmospheric
and ocean carbon stocks, lower peak temperatures, less cu-
mulative use of fossil fuels and a much faster recovery of
terrestrial carbon.

copan:CORE further allows for a systematic investigation
of the influence of individual parameters on the outcome of
the simulation (e.g., along the lines of a bifurcation analysis).
As an illustration of such an analysis we now vary the learn-
ing rate from 1/50yr~! (less than once in a generation) to
12yr~! (once every month) and compute the carbon stocks
as well as the GDP per capita and the global mean tempera-
ture in model year 120 for an ensemble of 50 simulations per
learning rate (Fig. 6) and the same initial conditions for all
runs (we thus do not test for a possible multistability of the
system).

For learning rates lower than 1yr~! (slow learning) the
carbon stocks as well as the global mean temperature align
well for the two simulation setups, i.e., the one with (scatter
points) and without social processes (dashed lines). In con-
trast, for learning rates larger than 1yr~! (faster learning)
the individuals become more capable of assessing the conse-
quences of their behavior (in our case extensive biomass use)
before the system has reached a state with low terrestrial and
high atmospheric and ocean carbon stocks. As such, increas-
ing the learning rate also causes an increase in the terrestrial
carbon stock combined with a decrease in the atmospheric
and ocean carbon stocks (in model year 120). This behavior
is also reflected in the global mean temperature which de-
creases as the learning rate increases. Hence, with respect to
the environment, social learning only has a positive effect if
it happens at a sufficiently high rate (around once to more
than once a year). It remains to note that learning rates have
in the past already been shown to have a profound impact
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on the state and dynamics of a coupled socio-ecological sys-
tem, a feature that is recovered in our simple WEM as well
(Wiedermann et al., 2015; Auer et al., 2015; Barfuss et al.,
2017).

The metabolic variable GDP per capita interestingly al-
ready increases much earlier (i.e., for much lower learning
rates than 1yr~!) as compared to the changes in the envi-
ronmental variables. This implies that for our specific WEM,
social processes generally seem to foster the economy re-
gardless of their actual rate. Furthermore we observe that the
Global South shows an approximately 3 times higher GDP
per capita than the Global North, which is caused by the ear-
lier switch to renewable energies in that social system (see
third row of Fig. 5). As already stated above, note again, that
these results are not intended as a realistic projection of fu-
ture trajectories of the Earth system, but are discussed here
to showcase the capabilities of the copan:CORE framework.

Using the pycopancore reference implementation, running
the above two simulations (Fig. 5) took 140s (without so-
ciocultural processes) and 290 s (including sociocultural pro-
cesses) on an Intel Xeon E5-2690 CPU at 2.60 GHz. Since
further performance improvements are desirable to support
Monte Carlo simulations, we aim at a community-supported
development of an alternative, more production-oriented im-
plementation in the C++ language.

4 Conclusions

In this paper, we presented a simulation modeling framework
that aims at facilitating the implementation and analysis of
world—Earth (or planetary social-ecological) models. It fol-
lows a modular design such that various model components
can be combined in a plug-and-play fashion to easily explore
the influence of specific processes or the effect of competing
theories of social dynamics from different schools of thought
(Schliiter et al., 2017) on the coevolutionary trajectories of
the system. The model components describe fine-grained yet
meaningfully defined subsystems of the social and environ-
mental domains of the world—Earth system and thus enable
the combination and comparison of different modeling ap-
proaches from the natural and social sciences. In the mod-
eling framework, different entities such as geographic cells,
individual humans and social systems are represented and
their attributes are shaped by environmental, socio-metabolic
and sociocultural processes. The mathematical types of pro-
cesses that can be implemented in the modeling framework
range from ordinary differential and algebraic equations to
deterministic and stochastic events. Due to its flexibility, the
model framework can be used to analyze interactions at and
between various scales — from local to regional and global.
The current version of the copan:CORE open modeling
framework includes a number of tentative model compo-
nents implementing, e.g., basic economic, climatic, biolog-
ical, demographic and social network dynamics. However,
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Figure 5. Two runs from a world—Earth model example: one without (left panels) and one with (right panels) the sociocultural processes
of environmental awareness, social learning and voting included, showing different transient (and asymptotic) behavior. The top row shows
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renewables, atmospheric carbon, ocean carbon and fossils, respectively. In second and third row, dashed lines indicate variables associated

with the “Global South”, solid lines to the “Global North”.

to use the modeling framework for rigorous scientific analy-
ses, these components have to be refined, their details have
to be spelled out and new components have to be developed
that capture processes with crucial influence on world—Earth
coevolutionary dynamics. For this purpose, various model-
ing approaches from the social sciences are available to be
applied to develop comprehensive representations of such
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socio-metabolic and sociocultural processes (Miiller-Hansen
et al., 2017; Schill et al., 2019, and references therein). For
example, hierarchical adaptive network approaches could be
used to model the development of social groups, institutions
and organizations spanning local to global scales or the in-
teraction of economic sectors via resource, energy and infor-
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mation flows (Gross and Blasius, 2008; Donges et al., 2017a;
Geier et al., 2019).

Making such an endeavor prosper requires the collection
and synthesis of knowledge from various disciplines. The
modular approach of the copan:CORE open modeling frame-
work supports well-founded development of single model
components, helps to integrate various processes and allows
analyzing their interplay. To facilitate this, we envision an
emergent community of modelers who contribute mature
model components, composed models and variable defini-
tions that add to a growing master component and model
repository, and a master data model that are hosted within
the open-source software repository (see below under “Code
availability”), curated by a repository management board
and cross-linked with platforms such as the CoMSES net-
work (https://www.comses.net, last access: 1 April 2020).
Complete models should also be contributed. This way, co-
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pan:CORE could support the emergence of community stan-
dards for modeling coupled human—natural systems that have
recently been demanded by many researchers (Barton and
The Open Modeling Foundation, 2019). We therefore call
upon the interdisciplinary social-ecological modeling com-
munity and beyond to participate in further model and appli-
cation development to facilitate “whole” Earth system anal-
ysis of the Anthropocene.

Code availability. A Python 3.7.x implementation of the co-
pan:CORE open World—Earth modeling framework, detailed doc-
umentation, a tutorial and the world—Earth model example are
available at https://doi.org/10.5281/zenodo.3772751 (Heitzig et al.,
2020).

Supplement. The supplement related to this article is available
online at: https://doi.org/10.5194/esd-11-395-2020-supplement.
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