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ABSTRACT

The world faces multiple crises and disruptions, such as climate impacts, pandemics, geopolitical tension and
competition, conflicts, and wars. Socio-metabolic research (SMR), the study of stocks and flows of materials and
energy associated with socioeconomic activities, is not well equipped to address these challenges. SMR methods
are predominantly descriptive, static or linear. They treat disruptions as exogenous and are ill-equipped to
capture abrupt non-linear changes evident today and likely to intensify in the future. They lack the granularity
needed to analyze how stocks and flows of resources relate to actors, institutions, and power relations charac-
terized by vast inequalities. SMR relies primarily on quantitative data, which is often inadequate to understand
qualitative system properties and mechanisms. These shortcomings hinder understanding resilience, the ability
of social metabolism to recover from shocks, and malleability, the extent to which social metabolism can be
transformed to promote sustainable wellbeing for all. SMR can respond through linkages with big data models
treating economies as complex networked systems that allow analyzing system resilience, non-linearities,
feedback mechanisms, and tipping points. Enhanced granularity in terms of higher resolution quantitative
data and rigorous understanding of qualitative system properties can help connect actors' decision-making with
their biophysical implications. This is a prerequisite for generating transformative knowledge through SMR.
Linking complexity science, political ecology, and SMR is imperative for addressing pressing contemporary
issues.

1. Introduction

effects, e.g., on regional and national economies (Laber et al., 2023).
Changes in resource availability and access can have implications for

The world faces multiple crises and rising levels of tension and
conflict. We see the impacts of disruptive events (below referred to as
‘disruptions’) such as the Covid-19 pandemic, the Russian invasion of
Ukraine, and increasingly frequent extreme climatic events (Sun et al.,
2024). These events can affect resource supply (Barakat et al., 2023;
Agrawal et al., 2024). Global supply chains have already been affected
by past crises and disruptions are expected to rise in the future
(Chowdhury et al., 2021), particularly under catastrophic climate-
heating scenarios (Kemp et al., 2022).

Disruptions within production networks typically have cross-scalar
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various sectors such as steel and other bulk metal products, electronics
and batteries, construction, agriculture, energy or food supply. But
disruptions may also signal untenable socio-ecological conditions and
could - depending on the response — catalyze critical junctures for
broader transformations (Capoccia, 2016). They should thus not be seen
solely as disturbances to the supposedly normal functioning of supply
chains. Given the widespread harms of current trading systems, partic-
ularly in terms of social wellbeing and ecological outcomes (Dorninger
et al., 2021), disruptions could also offer opportunities to alter trade
relations, power dynamics, and related outcomes.
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Disruptions also affect option spaces for tackling challenges such as
climate heating and biodiversity loss (IPBES, 2019; IPCC, 2022), and
efforts towards sustainable wellbeing for all on a more just and equitable
planet (Fanning et al., 2022; Pachauri et al., 2022). Addressing disrup-
tions thus requires understanding of resilience, the ability to recover
from shocks, and malleability, the purposive transformation of meta-
bolism towards equitable and sustainable outcomes (see further elabo-
ration of these terms below). Current socio-metabolic research (SMR) is
not well equipped to tackle these demands (Section 2). We therefore
outline new directions for SMR to address the resilience of social
metabolism through novel approaches to disruptions in complex net-
worked systems like global resource supply and demand. We explore
how SMR could analyze malleability by linking social metabolism with
actors, institutions, and power dynamics affecting decision-making and
access to services in specific provisioning systems (Vogel et al., 2021),
thereby reconciling quantitative and qualitative approaches in SMR.

We define ‘resilience’ as the ability of a system to persist and function
under shocks or to regain or reconfigure its functions after disruptions
(Holling, 2001). In a socio-ecological context, resilience depends on the
ability of systems, actors and institutions not only to respond and adapt,
but also to transform in the face of sustainability challenges (Folke et al.,
2021). Technically, we also apply the term to shocked networked sys-
tems where reestablishing sufficient links and nodes restores function-
ality. Although resilience is often viewed as a positive attribute, we aim
to use the term in a value-neutral sense where possible. For example,
while resilience in agricultural production in response to climate-
heating may be seen positively, the resilience of fossil fuel industries
under similar pressures may be viewed more critically.

We define ‘malleability’ as the ability of systems, actors, and in-
stitutions to meet people's needs and wellbeing in an equitable way
(Brand-Correa and Steinberger, 2017), while actively reshaping
resource use towards sustainable patterns within planetary boundaries
(Rockstrom et al., 2009). We propose this innovative concept to build
bridges between SMR and Political Ecology, drawing on concepts used
in fields such as material science or psychology (see detailed discussion
in Pachauri et al., 2025). We organize our work around the multi-faceted
concept of provisioning systems as complex systems through which
human needs are met, and where societal stocks and flows of materials
are entangled with wellbeing outcomes (Vogel et al., 2021). We use
‘transition’ to denote any system shift involving fundamental structural
change, irrespective of its cause, and ‘transformation’ for changes
actively shaped by actors or institutions in pursuit of normative goals
such as sustainability.

2. Challenges for socio-metabolic research in a world of crises

Societies use resources such as materials or energy to produce,
reproduce and operate not only their biophysical structures or ‘material
stocks’ (Haberl et al., 2019); i.e., bodies of humans and livestock as well
as artefacts such as buildings, infrastructures or durable commodities,
but also to reproduce socio-culturally (Fischer-Kowalski and Weisz,
1999). Nearly all socioeconomic activities are closely tied to resource
use, as production and consumption rely on flows of materials and en-
ergy required to operate, maintain or expand material stocks (Pauliuk
and Miiller, 2014; Weisz et al., 2015). Environmental problems emerge
during extraction, processing, use and disposal of these resources
(UNEP, 2019). Surging resource use is a pervasive driver of climate
heating and biodiversity loss (IPBES, 2019; IPCC, 2022). SMR (Fig. 1)
offers crucial linkages between natural and social/economic approaches
in sustainability sciences (Haberl et al., 2019).

Antecedents of SMR emerged around 150 years ago, see the
comprehensive review of Martinez-Alier (1987), with current ap-
proaches developing over the past 50+ years (reviewed by Fischer-
Kowalski, 1998). Quantifying the material and energy flows of national
economies enabled establishing ‘territorial’ (or ‘production-based’) ac-
counts (Krausmann et al., 2017a). Complementary ‘footprint’ (or
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Fig. 1. Conceptual diagram of socio-metabolic research (SMR). Source:
own graph.

‘consumption-based’) accounts use Environmentally-Extended Multi-
Regional Input-Output (EE-MRIO) models to assess resources
‘embodied’ in consumption (Lenzen et al., 2022). These models allocate
primary extraction globally to each country's final demand for products
and services, tracing resource flows through complex global supply
chains at the sectoral level to establish consumption-based material flow
and emission accounts. Material flow accounts are regularly updated
(Krausmann et al., 2017a; Giljum et al., 2022) and provide indicators
used in policy contexts (e.g. SDG 8.4 and 12.2; Schandl et al., 2024).
Over the past two decades, the accumulation of socioeconomic material
stocks — now requiring more than half of all material extraction world-
wide (Krausmann et al., 2017b) — has emerged as an important research
area (Fu et al., 2022).

SMR has significantly advanced the granularity of data and models
(Supplementary Information), allowing to trace resource flows from
extraction through supply chains to material stock accumulation, recy-
cling, and outflows of waste and emissions at the national level over
decades and even centuries. Important socio-metabolic flows (e.g.,
biomass extraction, mining) and material stocks in built structures have
been mapped globally, or for large regions with considerable resolution
(additional text and references in the supplementary information).

Still much of SMR is descriptive and largely disconnected from ad-
vances in complex adaptive systems research. Descriptive models are
widely used, mainly to fill data gaps (Krausmann et al., 2017a; Plank
et al., 2022). Dynamic material and energy flow analysis models (Miiller
et al., 2014; Wiedenhofer et al., 2024) use stock-flow accounting algo-
rithms akin to demographic cohort-component models that do not
incorporate complex networks or non-linear dynamics. EE-MRIO models
trace international resource flows and allocate inputs to final products,
yet input-output analysis remains inherently static (Wiedmann et al.,
2015; Lenzen et al., 2022). Diagnostic models using SMR principles have
explored future biomass supply options but lack system-dynamic ele-
ments (Erb et al., 2016). Some agent-based models simulate non-linear
material flow dynamics, e.g. for recycled construction minerals
(Knoeri et al., 2014), critical raw materials (Knoeri et al., 2013), local
agri-food networks (Fernandez-Mena et al., 2020), and industrial sym-
biosis processes (Han et al., 2022), but such work remains rare and has
not addressed economy-wide material stocks and flows (Krausmann
et al., 2017a). Efforts to conceptualize social metabolism as complex
networks are still nascent (Hyde et al., 2024). Linkages with actors (e.g.,
firms) or provisioning systems remain underexplored, and nonlinear
changes from singular events, e.g. at tipping points, remain unexplored
(Binder et al., 2025).

By contrast, the Socio-Ecological Systems (SES) research community
has examined the resilience of complex socio-ecological systems for
decades, primarily through local or regional case studies and models.
SES research emphasizes actors, governance, and institutions in natural
resource management (Folke et al., 2021; Reyers et al., 2022). However,
due to differing research foci, scales and methodologies, SES and SMR
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Fig. 2. Toy model showing possible unexpected effects of a restructuring of a
supply chain network. The left panel shows three connected chains. Nodes
represent firms, colors indicate the cumulative carbon emissions along the
chain. In the right panel, firm 24 decides to switch from supplier 14 to supplier
4, which appears as a locally reasonable option for reducing emissions. In the
entire network, however, this relinking results in 17% higher total CO, emis-
sions than in the initial network. Source: own calculations & graph.

remain largely disconnected, hence analysis and modelling of nonlinear
phenomena and network effects in societies' resource supply systems
remain largely un-appreciated. Studies of socio-metabolic resilience are
lacking (Binder et al., 2025). Links between resilience research, indus-
trial ecology, and complexity science remain limited (Meerow and
Newell, 2015). Some literature addresses the resilience of industrial
ecosystems (Zhu and Ruth, 2013), industrial symbiosis networks (Li and
Shi, 2015) or specific material flows and supply chains (Bocher et al.,
2024). Life cycle assessment has examined the resilience of product
systems (Pizzol, 2015). Some studies have applied SMR concepts to
assess the resilience of cities (Bristow and Kennedy, 2013; Magoni,
2017) or the demand for mineral resources (Bleischwitz, 2020). Recent
studies have explored the resilience of energy supply (Aldieri et al.,
2022) and supply chains for rare earth and other metals (Mancheri et al.,
2019; van den Brink et al., 2022). Yet these promising efforts remain
scattered and not well integrated into SMR.

In geography, sociology and economics, studies of global supply
chain resilience address intensifying disruptions (Lund et al., 2020), the
Covid-19 pandemic and Russia's invasion of Ukraine (Barakat et al.,
2023; Agrawal et al., 2024). This research focuses on impacts on supply
chain restructuring and related geographical and organizational shifts
(Yeung, 2023) but does not address the impacts of disruptions for social
metabolism. Political ecology addresses questions of power and
inequality in supply chains (Archer, 2022) but has not been linked with
SMR. These missing linkages between various disciplines and ap-
proaches result in gaping holes in urgently needed scholarship in the
face of current challenges.

3. Three research directions for tackling current challenges

Current SMR struggles to address complex networks and non-linear
system dynamics and link with actor-based approaches. Resilience and
malleability of social metabolism depend not only on materials and
technology, but foremost on actors' constellations, interests, and
decision-making power. An underlying challenge is the lack of integra-
tion between system-based SMR and primarily agency- and actor-based
socioecological research (Plank et al., 2021; Osterblom et al., 2022).
This gap is unsurprising, as system-science and actor-centered perspec-
tives remain largely disconnected across much of the social sciences and
humanities (Hausknost et al., 2016; Thurner, 2024). In this section, we
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discuss three directions for SMR to tackle contemporary challenges.
3.1. Integrating SMR and the modelling of economic complexity

Resilience is a property of complex, dynamic systems. Therefore,
studying socio-metabolic resilience requires integration of SMR with
dynamic, non-linear network models. A promising approach involves
coupling existing network models that leverage big-data techniques to
represent non-linear system dynamics with data from SMR (Klimek
etal., 2019; Diem et al., 2022; Laber et al., 2023). This integration could
yield both quantitative and qualitative insights into the vulnerability
and resilience of social metabolism to disruptions, thereby enabling
analysis of tipping points (Binder et al., 2025), and mapping option
spaces for socioecological transformations (Section 3.2).

Complexity scientists have applied such models to study bailout
programs during financial crises (Klimek et al., 2015), economic resil-
ience in times of crises (Klimek et al., 2019), firm-level economic risks in
nationwide supply networks (Diem et al., 2022), and the propagation of
shocks from the Russian invasion of Ukraine on food networks (Laber
et al., 2023). Integrating SMR with data-driven agent-based dynamical
multi-layer network models could enable the study of material flows
along supply chains and effects of various disruptions on social meta-
bolism. For example, SMR could be linked with data on global produc-
tion networks of publicly listed firms (Chakraborty and ITkeda, 2020).
Identifying key agents in socio-metabolic flows — including actors and
institutions involved in regulation of mining, logistics, shipping, har-
bors, rail transport, and storage facilities — at the firm and institutional
level could offer highly granular insights into the resilience of global
production networks (Verschuur et al., 2022a, 2022b).

The reconstruction of national monetary economies of some coun-
tries at a granular firm level is now possible through the availability of
novel datasets of individual buyer-seller relations at high granularity.
These data allow designing and calculating novel metrics of economic
resilience of national economies (Diem et al., 2022). Such studies have
been pioneered for Hungary (Borsos and Stancsics, 2020), Ecuador, and
Belgium, where value added tax (VAT) data are available to reconstruct
national supply chains (Diem et al., 2022; Reisch et al., 2022). When
combined with bilateral trade data from EE-MRIO models, this can allow
for analysis of how systemic risks propagate globally (Chakraborty and
Ikeda, 2020; Chakraborty et al., 2024). Similar approaches could
contribute to quantifying resilience in SMR at firm level (Thurner and
Poledna, 2013; Klimek et al., 2015, 2019). However, difficulties in
generating data required to study processes at the firm level should not
be underestimated. At the firm level, researchers are also confronted
with issues of data confidentiality. While algorithms and methodology
can always be shared, data itself often can't as that would violate data
protection rights. Adhering to the principle of reproducibility requires
innovative approaches well beyond methods like k-anonymity. This
could include the sharing of anonymized datasets (which can be chal-
lenging since high-dimensional data can often be easily de-
anonymized), or data that was specifically altered such that specific
statistical information remains correct, but details are such that no firms
could ever be identified. The latter approach can help to make sure that
at least algorithms and methodology are reproducible and fully
transparent.

In such work, systemic impacts are defined as the reduction or loss of
a system's ‘performance’, such as reductions in production output, loss of
jobs, or diminished functionalities and services resulting from links and
nodes lost in production networks during disruptions. Resilience can be
quantified as the time it takes for a system to recover lost nodes and
reestablish connections between agents, to regain its functionalities,
either fully, partially, or in a different form. For specific disruptions,
systems may exhibit varying degrees of resilience — some may recover
quickly, while others may be less resilient (taking longer or failing to
regain previous functionalities). Whether resilience is desirable depends
on the valuation of the system's functionalities.
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Box 1
Nonlinearity and surprise in complex networked systems.

The toy model shown in Fig. 2 demonstrates the possibility that a switch of one firm to a supplier with lower CO, emissions per unit of product
entails increased total CO; emissions of the entire network. Such unexpected effects can result from reconfigurations that alter the network's
structure so that rises in emissions in one part of the production network overcompensate savings in another part. Anticipating such effects
systematically is important for sustainability, and key for understanding malleability. However, the difficulties of such model linkages must not
be underestimated, among others due to the high granularity of required input data.

National supply network models could be employed to study po-
tential transition paths within multi-layer socio-metabolic networks
following disruptions or at tipping points. The premise of such analyses
is that transitions are shaped by the interaction topology of agents (i.e.
representations of firms in the model) and their dynamic linking rules.
For example, research could explore conditions under which modelled
network systems undergo phase or percolation transitions (Hanel et al.,
2005, 2007), typically from well-functioning diverse states to networks
that lose most of their previous functionalities. Such work might well
reveal unexpected — and undesired - effects of network reconfigurations
in complex systems (see example in Box 1). Studies of complex, net-
worked systems could also help understand other important nonlinear
dynamics resulting from network reconfigurations unrelated to, or not
amounting to, tipping points or percolation phenomena.

3.2. Improving granularity to integrate actors and institutions

Patterns of material stocks and flows and their relationship to well-
being are dynamic and hence more or less malleable, i.e. moldable by
human agency, strategies and institutions (Otto et al., 2020b). Analyzing
the malleability and resilience of such system requires engaging with the
interests, strategies, and power relations of states, firms and civil society,
and the institutions shaping provisioning systems and their wellbeing
outcomes for different locations and social groups (Rao and Min, 2018).
In doing so, actors need to be appreciated as individuals and commu-
nities with lived experiences of differentiated access to resources, pro-
visioning systems and decision-making power, which requires fine-
grained quantitative and qualitative analysis.

Political ecology approaches in supply-chain research can serve as a
starting point for such analysis (Archer, 2022). When combined with
biophysical data and maps derived from remote sensing (Brenner et al.,
2024) or socio-metabolic supply chain data (Plank et al., 2023), such
mixed-methods approaches can reveal the interplay between actors and
sociometabolic stocks and flows at larger (e.g., city) scales. Such
research can create understanding of how social heterogeneities and
inequities relate to the stock-flow-service (SFS) nexus (Haberl et al.,
2021). The SFS nexus assumes that services require specific combina-
tions of material stocks (e.g., built structures and machinery) and
resource flows (Haberl et al., 2019; Carmona et al., 2022). For example,
mobility services depend on transport infrastructures and spatial ar-
rangements of dwellings, workplaces or schools as well as vehicles (bi-
cycles, trains, cars, etc.), all of which need resources for construction,
maintenance and operation. Such research can also reveal how well-
being is related to provisioning systems (Lamb and Steinberger, 2017),
and how these relationships might be transformed.

Patterns of built structures co-determine resource use (Haberl et al.,
2023; Duro et al., 2024) and contribute to carbon lock-in (Seto et al.,
2016). These patterns, in turn, are shaped by investments that are legally
regulated, contested and subject to power relations, negotiations and
conflicts (Schaffartzik et al., 2021). Both biophysical and actor config-
urations in these systems are of key importance for societies' ability to
ensure wellbeing (Plank et al., 2021; Bayliss et al., 2021). While patterns
and locations of built structures are important for resilience and

malleability, the interrelationship between these structures, their
resource use, and actor constellations that shape and are shaped by
them, has not received much attention.

Concepts from SES research can help address this gap. The concepts
of “adaptability” or the “capacity of actors in a system to influence
resilience”, and “transformability” defined as “[t]he capacity to create a
fundamentally new system when ecological, economic, or social
(including political) conditions make the existing system untenable”
(Walker et al., 2004), complement the notion of resilience by empha-
sizing agency, institutions, and power relations. Importantly, these
concepts recognize that resilience is not always desirable in the context
of transformations towards sustainability (Clausen et al., 2017). Build-
ing on these insights, we propose the concept of malleability as a related
critical factor in enabling such opportunities (Pachauri et al., 2025). Our
use of ‘malleability’ relates to the concept of ‘transformability’ but, as
defined earlier in Section 1, it has a clear normative connotation
(Pachauri et al., 2025).

Material stocks and flows are both shaped by actors and, in turn,
critically influence their option space (Plank et al., 2021), as well as their
access to the social benefits of existing resource use. Identifying specific
places and points in time where provisioning systems are most
malleable, e.g. before large-scale investments into production capacities
or infrastructures constrict the socio-metabolic corridor, is of key
importance (Schaffartzik et al., 2021). Decisions regarding infrastruc-
ture, production and use take place within socio-political structures and
geopolitical contexts, and are embedded in dominant social practices
(Shove et al., 2012), i.e., routinized activities embedded in everyday life
that depend on material conditions (e.g., infrastructures, settlement or
production patterns), competencies (developed through education and
training) and cultural meaning (Haberl et al., 2021).

A promising lens for examining the interplay between actors, prac-
tices, and metabolism is the study of provisioning systems for essential
human needs. Since a substantial part of societies' resource use and GHG
emissions is linked with shelter, food and mobility (Vita et al., 2019),
these provisioning systems appear as logical starting points for starting
such inquiries. For example, food provisioning can range from small-
scale subsistence farming to large-scale, heavily industrialized agricul-
ture, transport, processing and retail — each associated with vastly
different social metabolisms. Linking SMR with actor-based approaches
is needed to understand possibilities and constraints for resilience and
malleability of provisioning systems. Recent progress in SMR (Section 2)
has laid the groundwork to embark on this endeavor. Societies' collec-
tive ability to adapt to and manage non-linear changes, e.g., social
tipping dynamics (Otto et al., 2020a), crises and transformation is a key
research frontier of SES resilience science (Folke et al., 2021), and now
SMR may follow suit.

3.3. Integrating qualitative and quantitative data and approaches

More detailed quantitative SMR can help understanding resilience
but does not capture the diversity of actors and institutions, and what
guides their decision-making. Improving data granularity using tax data
can yield highly interesting insights on resilience (Section 3.1), but the
resulting picture of the economy would still be incomplete with regards
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to actors who do not pay taxes or transactions that aren't taxed, which is
specifically (but not only) relevant in countries of the Global South.
Moreover, approaches based on tax statistics include a specific type of
social interaction between actors, e.g. those that are related to monetary
flows, but not those that aren't, such as unpaid care work or subsistence
farming that is more generally excluded from the ‘formal’ economy.

The contribution of a corporation to total value added and hence to
GDP may be a suitable proxy for the importance of that corporation's
activities from a government perspective. But this will often not allow a
comprehensive evaluation of its contributions to provisioning of key
services, and hence of resilience and malleability. This could partially be
addressed through further raising granularity, covering, for example,
the contribution of the corporation to nutrition, mobility, shelter and, by
extension, to aspects of human wellbeing. It is to be expected, however,
that even this path would lead us to more questions — many of them
related to so-called ‘informal’ production systems including non-market
or small-scale, localized/community-based forms of production and
consumption which may be more important for the wellbeing of
different social groups (Dengler and Plank, 2024).

What role does resilience and malleability of subsistence agriculture
play when it comes to providing people with food? How does paratransit
operate to address mobility needs of marginalized populations, and
what are the related resource requirements? How do shared spaces in
housing and shelter influence related wellbeing outcomes? Addressing
such questions, crucial as they are to our understanding of the resilience
and malleability of social metabolism, requires greater qualitative un-
derstanding of provisioning systems that cannot be addressed through
quantitative data alone (Choueiri et al., 2025). This understanding is
also crucially linked to identifying the relevant actors and institutions,
and what relates them to one another within an economy or a provi-
sioning system. While some of the obstacles to integrating social sciences
and qualitative perspectives with resilience research have been previ-
ously discussed (Olsson et al., 2015), SMR could greatly be enhanced by
enabling integration of these perspectives.

4. Conclusions

SMR has yielded an array of useful insights over the past decades and
is increasingly used in sustainability-related statistics, monitoring, and
policy. It has created a wealth of data and tools upon which the scholarly
community can now build to tackle current challenges, e.g. by tracing
resource flows from extraction to final consumption and eventually
recycling to emissions and waste, and by assessing the biophysical level
of circularity of national economies (see supplementary information).
However, it is currently not methodologically and conceptually well
equipped to cope with today's volatile world. We here outlined two
research directions to better connect existing communities and ap-
proaches, which would help SMR to substantially improve its ability to
address current predicaments: (1) Novel, complexity-science based
socio-metabolic models could help study the resilience of social meta-
bolism to disruptions during abrupt systemic changes (e.g., at tipping
points or following disruptions). Such assessments could be created by
coupling SMR with current models used to study economies as complex
multi-layered networks using big-data approaches. (2) Studying
malleability of social metabolism needs a different research strand that
links SMR with studies of provisioning systems delivering key services
for social wellbeing, such as shelter, food and mobility. Recent progress
in socio-metabolic data granularity allows for establishing explicit
linkages with qualitative and quantitative studies of actors, institutions
and power relations. This enables researchers to understand qualitative
system properties, generate transformative knowledge, and analyze the
malleability of social metabolism towards sustainability quantitatively
and qualitatively, thereby combining the strengths of both approaches.
Doing so requires forging closer ties between SMR and political ecology.
Linking the currently largely separated communities of SMR and SES
science — which would be underpinned by both research strands - can
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advance both fields and support transdisciplinary efforts to foster socio-
metabolic resilience and malleability.
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