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ABSTRACT

Explanations of material consumption trajectories primarily emphasise productive forces (such as
technological change and shifts in energy carriers) while generally overlooking the role of social
relations. This omission is particularly troublesome considering that shifts in social relations (toward
decent work and community empowerment) are crucial for reducing inequality while mitigating
environmental pressures. To overcome this limitation, | examine the relationship between capital-
labour relations and material use trajectories in high-income economies, arguing that the two are
symbiotic, that is, they are embedded in a mutually reinforcing, long-term interaction. | provide
empirical substance to this framework by testing cointegration relationships between labour and
material time series, characterised by bidirectional causality and unfolding across alternating periods
of discontinuity and stability. On this basis, | show, through periodisation analysis, how labour-
material symbiosis manifests through varying corporate and state strategies of subordinating labour
and nature to the imperative of synchronising demand with growing productive capacity. This
implies that the evolving interdependence of material use and social relations is key to
understanding both the historical configurations and socioecological viability of capitalist economies.
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1. Introduction

The trajectories of biomass, fossil fuel, met@ld mineral use in higimcome economies show

a rapid post-1950s rise in resource congiongand physical stock accumulation, followed by
saturation from the 1970s (Vdenhofer et al., 2013). Althougtaterial footprint growth
resumed in some countries around the 199@gnstion has prevailed since the 2000s. As
illustrated in Figure 1, these footprint-adjusted trends indicate a material use plateau, even
when accounting for outsourcedveaoenmental pressures. This raises key questions: What
explains the acceleration and subsequent satdaratiresource use since the 1970s? Do these
patterns reflect a structuralatrsition toward stable materiabnsumption or a temporary
disruption in the logic of unlimited accumulation?

Figure 1. Evolution of DomestMaterial Consumption and Fooipt: This graph shows growth
followed by stagnation (around 1973) of maderootprint (MF) and domestic material
consumption (DMC) disaggregated into biomad©(Bfossil fuels (FOS), metals (MET) and
non-metallic minerals (NON). MRttributes all resource #&action (including extraction

abroad) embodied in deestic consumption. Source: Ownl®aation with data from (Cahen-
Fourot & Magalhaes, 2023;r8tck et al., 2021; UNEP, 2025).

To analyse long-term resourase, ecological economists ieasingly employ the concept of
sociometabolic reginse(Krausmann et al., 2008; Schandl & Schulz, 2002). This framework
redefines socioeconomic development as asitian between socio-eironmental systems.
Sociometabolic regimes capture biophysiesource flows and physil stock accumulation
shaping future resource use (Fischer-Kowalski & Haberl, 2015; Gendae Molina &
Toledo, 2023). Flows constitute the material basisocioeconomic reproduction, sustaining
households, labour, capital, and the wigeonomy (Fischer-Kowalski & Haberl, 1997),
whereas stocks comprise the technical Btftecture of production, including machinery,
buildings, and energy conversion technologiegféde, 2002). Together, flows and stocks
drive environmental pressure thréudegradation, waste, and emissions.



Current material flow analyses largely attrié& sociometabolic sh# to productive forces—

from coal- and oil-based manufacturing tomore resource-efficient technologies,
internationalised production, and tertiarisatibischer-Kowalski & Hausknost, 2014). Yet this
perspective often overlooks socralations as historically specific interactions among social
blocs enabling technical and structural chafigagalhdes, 2022; Petit, 1999; Schaffartzik et

al., 2021). By contrast, originating works vieacial metabolism asbaur-mediatd (Marx,

1977; Meszaos, 1995; Pineault, 2025). Despite thispst sociometabolic research rarely
treats labour as a core regulatory elem&hen considered, it is typically framed as a
byproduct of prevailing energy systems rather than as a shaping force (Fischer-Kowalski, 2023;
Sieferle, 2002).

To develop a socioecological understandinglaifour, | draw on ecological revisions of
Regulation Theory, focusing on the wage-labowuse From this perspective, sociometabolic
patterns of production and consumption are sostaby institutional fons mediating social
compromises between capitdédbour, and broader sociallocs (Zuindeau, 2007). Among
Regulation Theory’s five institutional forms1—thenetary regime, wage-labour nexus, form
of competition, state form, andti@rnational regime—the wage-lalvaexus is central to social
metabolism because it directly structures saseembeddedness in nature at the point of
production (Pineault, 2023b). It encompasses ‘{pe bf means of production; the social and
technical division of labour; the ways in whislorkers are attracted and retained by the firm;
the direct and indirealeterminants of wage income; and [. ] the workers’ way of life”
((Boyer & Saillard, 2002), p. 345). This study coricates on two broader dimensions of the
wage-labour nexus: (1) the (redductive and unproductive ongjigation of work, involving
the forms of corporate and state managemelaboiur, and (2) labour institutions, which shape
power and income distribution between capdtadl labour (Bakshi et al., 1995; Boyer, 1993).

Historically, the transition from Fordist to Némtral wage-labour nexwsas intertwined with
shifts in energy systems and material Userdism—defined by the wlear family model,
collective bargaining, and prodixdty-linked wages—relied oan energy-industrial complex
supplying cheap, high-quality energy (Cahen-Fourot & Durand, 2016; Huber, 2013). This
dependence contributed to laboudisclining structural power, dke oil crises of the 1970s
prompted Neoliberal reforms such as finandtegulation, wage resint, and increasingly
flexible and segmented labour markets (M&ith2009; Pellegris &ourt, 2025). Extending
these ecological revisions of Regulation Thebgrgue that the wage-labour nexus mediates
investment and consumption dynasiand is thus embedded interéal flow patterns (Malm,
2018). My contribution is to move beyond viewisgcial metabolism (vianergy systems) as
causally shaping the wage-labour nexus, undeargganstead a persistent socioecological
symbiosis where labour and sociometabodigimes mutually shape one another.

! For an overview of Regulation Theory’s core concépteelation to ecological economics, see (Driouich &
Kallis, 2025; Zuindeau, 2007).



Understanding historical labodynamics through a social metaisai lens is crucial for both
theory and practice. Although soaoietabolic regimes have beertensively described, their
regulatory processes and lirtksproduction and consumptio@main underexplored (Padovan
et al., 2022). This gap has contributed &ovision of the greerransition that relies
predominantly on technology-driven decarbon@atYet, environmental justice movements
demonstrate that large-scalecdebonisation projects often enmter resistance when they
reproduce precarious conditions (ZografosR&bbins, 2020). Moreover, improvements in
resource efficiency frequently increase m@be energy use rather than reduce it, unless
accompanied by limits on material consumpt{&ressoz, 2024). These dynamics underscore
the need to rethink labour relations to decouple work from material accumulation while
shielding workers from statural transformation.

With this approach, | examine how the transition from Fordist to Neoliberal wage-labour nexus
relates to shifting patterns of material usehigh-income countriesl conceptualise this
relationship as symbiotic, ded by (1) a dynamidjidirectional, long-tem relationship and

(2) a historically specific relation, varying assoperiods of crisis and stability in capital
accumulation. Econometrically, |1 provide evidenof symbiosis through cointegration and
time-varying causality alyses of labour and rtaolic time series fathe United States and
France (Castellacci & Natera, 2013; J. Fost&¥i&l, 1999). These cases were chosen because
of data availability and because they cleakemplify the post-war Fordist wage-led model
followed by a shift toward finance-led glolsdd capitalism (Hassél Palier, 2023). Their
broadly similar economic strugtes allow for holthg of macroeconomidynamics relatively
constant, enabling a focus on institutibaad material differences over time.

Given that social metabolism and the wage-labmexus cannot be capédt by a series of
indicators, | complement the quantitative analygsit a historical peadisation of symbiosis.
In this way, | illuminate stal compromises mediating aedism’s overproduction tendencies
(Baran & Sweezy, 1966; Braverman, 1998), therhbilising materiahccumulation. In both
Fordism and Neoliberalism, metabolic changas intertwined with corporate and state
management of labour to align productive ayaand demand, although in distinct ways:
Fordism relied on an industrial-managerial sobialc that promoted the coupling of family
wages and productivity alongsiKeynesian demand managemdiitis social compromise
was ultimately constrained by its dependence on extensive sociometabolic regimes.
Consequently, under Neoliberalism, the shifivdaod an intensive sociometabolic regime
enabled the continuation of higtvlds of environmental pressyedthough in a saturated form.
An extractive rentier bloc consolidated thisteral trajectory by discouraging fixed capital
formation and advancing wageoductivity decoupling througbhareholder-oriented labour
governance, the commaodification of knedge and asset-price Keynesianism.



These findings make three main contribntioto the literature integrating Ecological
Economics, Social Metabolisnand Regulation Theory. Firstyhile environmental labour
history has documented society—nature symbietations, this study prages an econometric
operationalisation of symbiasithrough cointegration (J. &er & Wild, 1999; Kallis &
Norgaard, 2010). Second, it advances ecologreadisions of Regulation Theory by
highlighting how sociometaboliegimes are not merely a comstt on the wage-labour nexus
but are also fundamentally sged by it (Cahen-Fourot &lagalhdes, 2023; Huber, 2013;
Magalhaes, 2022; Pellegris & Court, 2025; ifieau, 2007). Third, it contributes to social
metabolism research by foregroumgliits political-economic dimeims (Schaffartzik et al.,
2021).

The remainder of this papes organised as follows. S@&mn 2 reviews the theories on
socioecological transitions. Section 3 setd the theoretical fragwork linking the wage-
labour nexus to sociometabolic regimes. Sectialetails the researclesign. Sections 5 and
6 present the results and develop a quisation of the wage-labour nexus across
sociometabolic regimes. The conclusion dgses limitations and summarises the main
findings.



2. Theories of sociometabolic transitions

Long-term studies of materiflbws link sociometabolic trangons to factors such as new
energy carriers (Gierlinger & Krausmann, 20k2ausmann et al., 2008), structural changes
(Infante-Amate et al., 2015; Kovanda & Hak, 20Krausmann et al2011), globalization
(Magalhées et al., 2019), regulatory modeshé®dl & Schulz, 2002and economic systems
(Krausmann et al., 2016). However, these factemain underexplored, as most studies focus
on describing material flows without connectidmgolitical economy theories. In turn, | survey
explanations of sociometaboliansitions and find four pgpectives focusing on productive
forces: Ecological Modernisatn (EM), Treadmill of Production (ToP), Ecologically Unequal
Exchange (EUE), and the material saturatigpothesis. While thestheories can explain
patterns of material stocks and flows, tlmerlook the ways in which productive forces are
embedded in capitalist social rétas, particularly in the histaral evolution of wage labour.
Even when labour relatiorare acknowledged—notably in Foand EUE theory—they are
treated statically, eihr within Fordist mass productionwithin global economic frameworks.

The dominant explanation for material congtion patterns relie®n a linear model of
structural change across development stageded in EM theory (Spaargaren, 2000).
Consumption stabilisation in high-income cousgris attributed to resource efficiency and
tertiarisation (Carolan, 2004; Fischer-Kowals Hausknost, 2014). Reduced resource
intensity reflects the institutionalisation of eronmental concerns at firm and policy levels.
This "ecological rationality” of internalisingnvironmental costs through new institutional
arrangements and technology justifies the comfigrowth of industry and consumption. In
this view, EM is linked to th Environmental Kuznets Curwshich posits that environmental
degradation initially rises with industriaétion but improves beyond a certain income
threshold (Jorgenson, 2016). “Advanced” econaen@ghibit expandingervice sectors and
greater societal emphasis on post-material values.

In practice, empirical support for EM theoryimited. Efficiency improvements partly reduced
material intensity since the 1970s, driven bydyetchnologies in response to higher energy
prices due to oil shocks (Fischer-KowalskiFiausknost, 2014). Structural shifts from heavy
to light industries, especially via microelectresialso played a role (Kander, 2005). However,
resource efficiency is shaped by social reladi a factor often overlooked in EM theory. For
instance, the rise of serviceddight industries isssociated with de-induslisation and thus
the weakening of labour bargéng power in heavy industry @8her & Stegmueller, 2023; Di
Carlo et al., 2024). Thus, EM assumes hurmaamptionalism, implyig that technological
progress can overcome ecological limits withgaherating inequalitpr conflict (Bugden,
2022; J. B. Foster, 2012). EM also conflatesource efficiency with reduced material
consumption, a premise challenged by aesle on decoupling (Haberl et al., 2020).

ToP theory sharply contrasts with EM by fragngconomic development #ee primary driver

of environmental degradatiqiGould et al., 2004; Schnailgeet al., 2002). Emerging from
post—World War Il analyses afonopoly capitalism, gxplains how profidriven investments
intensify resource- and chemical-intensivedarction. This locks economies into a treadmill
of continuous production andrsumption that escalates emwvimental harm. Slowing this
treadmill can mitigate environemtal pressure (Keil & Krain, 2022; Obach, 2004), yet this
does not indicate an internats ecological rationality among firms. Rather, it reflects
counterforces such as labour-protective instins, the growth of low-productivity sectors
such as public services, and environmental advocacy. Many environmental regulations, for
instance, arise from worker demands over wa&plhealth rather thdrom firms’ intentional
greening strategies (Barca, 2014).



However, a paradox emerges: material consiomtagnated in high-income economies since
the 1970s, yet labour bargaining power—whiolld slow the treadmilbf production—also
declined. By focusing on the Fordist era, TqBaes production disruptions with counterforces
to profit maximisation, oveoloking shifts in wage-labourorganisation. High-income
economies have arguably transitioned fram productive treadmill to a ‘stagnation-
accumulation treadmill,” where slow growth coites with expanding financial capital (Clark,
2024). This financialization arose from the crisfsthe Fordist wage-labour nexus, shifting
work organisation from worker—manager rtmanager—shareholder balance (Krippner, 2005;
Tauss, 2012). Thus, slowing resource-intengirgluction signals not opla technical break
but also a social reorganisation.

Both EM and ToP emphasise national prdaun; often overlookingglobal dynamics. In
contrast, EUE theory highlights the asymmetioev of energy and ntarials from the Global
South to the North, driven by Northern apprappon and Southern gendence on resource
extraction (Dorninger et al., 2021pince the rise of globalalue chains and structural
adjustment programs, Northefirms have increasingly offshorg@toduction to exploit wage
gaps and weaker environmental regulationkh@use et al., 2023). Financialization further
accelerates this internationalisation, shifting vese-intensive production abroad and creating
apparent domestic “dematdisation” (Schaffartzik, 2024).

Despite the relevance of EUE theory, it does not fully explain the stabilisation of material
consumption in high-income economies. Congtiam-based studies show that even when
accounting for offshored productiamaterial consumption and stoadditions have stagnated
since the 1970s (Cahen-Fourot & Magalhae2320The collapse of colonial arrangements,
driven by national liberation movemis, likely triggered a crisis of capital accumulation in the
Global North, contributing to this stagrati (Mitchell, 2009; Patnaik & Patnaik, 2021).
However, patterns of labour and resource apjabpn from the coloniaperiod persisted into

the Neoliberal era (Hickel et al., 2023nd despite ongoing unequal exchange, material
accumulation in high-income countries did ndura to post-war levels. Consequently, other
factors besides the internati



Critiques of logistic models align with debataslong-wave theories, which explain cycles of
capital accumulation through endogenous econdattors (Kondratiev), exogenous shocks
such as imperialist conflicts or colsation (Trotsky), entrepreneurial innovation
(Schumpeter), and inflation (Dupriez) @vdel, 1995). Biophysically, economic upturns
correspond to the introductioof new fossil fuel technobies, while downturns follow
stagnation in domestic material consumptidMalm, 2018; Schaffartzik & Duro, 2022).
Mandel (1985, 1995) reconciled these views, anguhat waves are shaped by historical and
institutional (or ‘partially ndependent’) factors mediatingpial dynamics, technology, and
extra-economic influences, ultimbteaeflected in profit ratesThis underscores that material
and energy patterns are inseparable from sog@tions such as the wage-labour nexus.

In summary, four explanations account fortemel stagnation: reswce efficiency (EM),
counterforces to profit maximisation (ToP)nternational apprapation (EUE), and
technological diffusion (saturation). Theyemphasise production forces, including
electrification, tertiagation, global value chains, and market limits. The observed patterns of
material stocks and flows likely reflect a comddion of these facter which are underpinned

by social relations, particularthe evolution of wage labouroP highlights labour bargaining
power while EUE underscores dependence omnrnat®nal division of labour for apparent
“dematerialisation”. Ultimately, waves of matd accumulation reflect the level and use of
profits—historically shaped byage labour—to enable reintagent in productive capacity or
financial capital.



3. Analytical framework

Environmental history demonstest that the wage-labour nexand sociometabolic regimes
are historically interdependéntTo examine this relationghi | propose a coevolutionary
framework grounded in the concept of symbiosisvieen social relations and material use. |
argue that this symbiosis méasts in corporate and stateasegies for subordinating labour
and nature to the imperative of synchronisiiegnand with growing productive capacity. As a
result, the symbiosis of the gexlabour nexus and sociomethbaegimes ishistorically
specific, as it shapdbe viability of economic systems, that i$s social reproduction over
time. From this perspective, symbiotic mbiies can be distingehed by environmental
pressure and the capital oriemgatof the wage-labour nexus.

3.1. Socioecological coevolution and symbiosis

Sociometabolic change can thefined through interdepemuges between evolving economic
and ecological systems. This coevolutionaryspective rests on three assumptions. First, it
rejects the neoclassical view of macroeconogniglution as cumulative marginal adjustment,
instead emphasising discontinuous shifts istesyn configurations (Fischer-Kowalski &
Haberl, 2007). Second, although instability amttertainty prevailthey are temporarily
stabilised through systemic imteependencies, producing muléphistorically contingent
equilibria (Gowdy, 2013). Thil, sociometabolic change diven by endogenous processes
rooted in internal system dynamics aimteractions (Norgaard, 2017). Under these
assumptions, sociometabolic change is aogradual modernisain processes driven by
exogenous shocks, but the outcamhsocioecological symbiosis

A symbiotic relationship refers tong-term interactions betweehysically associated systems
and may occur with or withowtoevolution (Penn & Liu, 2018)n the coevolutionary case,
social and ecological subsyste not only interact but nwally shape one another’s
development (Kallis, 2007): s@&di relations adapt to metdimw constraints and thereby
influence the evolution of material use. In gast, weak symbiosis inlwes sustained physical
interactions without coevolwn, meaning that social andodmgical systemslo not causally
influence each other’syelutionary trajectories.

2 Material flows have historically shaped labour agements, as seen in fertilis enabling coercive labour

during the Age of Abolition (1780s—1880) and oil extraction weakening labour’s structural power (Melillo, 2012;
Mitchell, 2009). Conversely, the organisation of work and bargaining power affect firms’ investment decisions
and household consumption, influencing patterns of material use (Barca, 2014; Malm, 2018; Pineault, 2023b).
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In Social Ecology, symbiosis primarily dedms interrelations in material use, though its
ecological implications remain debated. Indiadsymbiosis emphasises efficiency, where one
firm’s waste becomes another’s input (SavinR20 By contrast, mateai symbiosis critiques
circular economy and renewahliensition models, showing thatistorically, new energy
carriers supplemented rather than replacastiag ones (Fressoz, 2023Reconciling these
views requires accounting for social and powetti@ta structuring material linkages (Fressoz,
2016; Schaffartzik et al., 2021). | thereforeoptd socioecological symbiosis to analyse
interactions between societalaterial bases and relations mfoduction. While this paper
focuses on symbiosis between sociometabafjores and the wage-labour nexus, other social
relations may also be relevant

+ Hypothesis 1: The wage-labour nexus and@oeitabolic regimes are in symbiosis across
time, indicating a dynamic, bidictional long-term relationship.

Socioecological symbiosis differs from biologior engineering approaches by emphasising
individual and collective agency. Socionmtéc regimes are characterised by firm and
household routines that sustamaterial flows through habituabnsumption and investment.
While agents can redirect materials in line with cultural systems, these patterns also reflect
biophysical processes and infirasture (Fischer-Kowalski, 2023). The wage-labour nexus
also embodies collective agency, particularly whesss-class interactions form sociopolitical
groups with shared expectations of publitiat concerning labour institutions. Consistent
with Gramscian approaches in Regulation Tgethe stability of the wage-labour nexus
depends on the organizational povedrpolitical coalitions forming a dominant social bloc
(Ward, 2003). This bloc emergenot from an ex-aatdesign but through social conflict
embedded in ideology and soaio@omic structures, leading o unifying political project
(Amable & Palombarini, 2008; Boyer, 2018).

3 The concept of symbiosis here is similar to the ideasiftutional complementaritgstablishing that "certain
institutional forms, when jatly present, reinforce each other anshtribute to improving the functioning,
coherence or stability of specific institutional configuratjoregieties or models of paalism” (Amable, 2016).
The main difference is that sociometabolic regimes enasspot only institutions but also biophysical processes.
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3.2. Symbiotic mechanisms as tempordixes to overproduction tendencies

As illustrated in Figure 2, | identify mechanisms explaining the symbiotic relationship between
the wage-labour nexus and sociometaboligimes. These mechams operate through
production and surplus absorption processes unudeng the temporal stability of capitalist
economies. Drawing on social reproduction tiexy; a central constraint to continued
accumulation is the tendency toward excess capacity or surplus—that is, the widening gap
between output and socially nesary consumption and investnfef#tglietta, 2000; Baran &
Sweezy, 1966). | argue that synchronising prtéidacand surplus absorption manifests in
distinct modalities of socioetmmical symbiosis, expressedabigh investment determinants,
consumption norms, and physical stock acualation (Ekers & Rrdham, 2017; Pineault,
2023a). On the one hand, production relies on ooatis material flows and generates specific
labour requirements for theeation of surplus. On the other hand, the wage-labour nexus
structures the forms through igh this surplus is absorbed and materially sustained.

Production process

Employment

Capital & composition
resource
intensity Productivity \
4 L gains L

A

Firm & Socmmetabollc Regime Wage—labour Nexus
Social + Material consumption Bargaining power
. _household .
compromise 2 + Physical stocks Organization of work
routines
+ Energy system *  Wage share

Figure 2.Symbiosis Framework

The first mechanism, skwn in the upper part of figure 2nks firms’ interactions with the
environment to the social compromise shapatgpur conditions. Central to this relationship
is the claim that the qualityf energy carriers and energyrs@rsion technologies determine
much of productivity growth(Jackson, 2019; Rezai et al., 2013). In other words, this relation
constitutes a "metabolic conaint at the point of productivieansformation”, expressed as a
"biophysical limit to efficiencyof the machine process” (Riault, 2023b). The relaxation of
this metabolic constraint enlarges the surpluslable for distribution aah, in turn, can create
conditions under which capital isore inclined to accommodadtdbour demands. At the same
time, the material and energy intensity abguction reduces labour fgaining power through
employment composition. This is seen asite&pand resource-intensive processes tend to
substitute labour leading todiier unemployment (Mal, 2018). Replacing labour with capital
also reflects new growth-driving sectors watability requirements shaping labour market
policy (Amable et al., 2019). Criadly, the durability of the gaital-labour compromise further
depends on governmental strategies tmaga unemployment iaing from capital and
resource intensity.

4Overproduction derives from the tendency towards the stiah of labour in capitalist economies reflected in
the growing monopolization of the @womy and the "radicaleduction in market-allocated labour under late
capitalism, as comparedttv directly allocated labour” (Mandel, 1986).

5 Energy quality can be expressed in terms of exergyterms of energy return on energy invested (EROI).
These measures are defined by ensygyems and shape productivity gains.
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In the reverse relation, illustrated by the absorption process, the wage-labour nexus shapes
material flows through consumpih and fixed capital fornteon. Overproduction constraints
are temporarily overcome through two chanmélabour management. First, when demand
channelling new investments weakens, pooations ensure surplus absorption by
subordinating labour to hab#al consumption (Reault, 2023a). Thisrelies on wage
compromises and reorganising productive, repctide, and unproductiiabour time (toward
marketing, advertising, privagd care, and product different@t) to increase sales or
financial rents (Behonnet & Clos, 2024; Bravermari998). Wage and labour time
compromises, in turn, determine the houseéhdilvision of labour, pwhasing power, and
associated material use. This is consistetiit Regulationist accountsahemphasise a “social
consumption norm,” namely clasgender and race-based eotations, habits, and values
formed through laboureproduction and socialisation ¢hetta, 2000; Huber, 2013; Koch,
2019).

The second absorption channel is given xedi capital formation, a major component of
physical stocks determining futureaterial flows. This reflestfirms’ investment decisions
driven by profit shares and capacity utilisati(Lavoie, 2017). Thedactors are themselves
structured by the wage-labour nexus, insofalabsur’s bargaining power, together with the
intensity and duration of work, apes both profit distributioma rates of capacity utilisation
(Rochon & Rossi, 2023; Trezzini & Pignalosa, 202Ajditionally, government strategies for
unemployment mitigation, especially through krngfrastructure projés, further structure
demand for fixed capital. In hway, states also manatgbour by sustaining demand and
employment through inéistructure spending, military expditures, and wéare provision.
Together, these two (consumptiand investment) emnels tied to the wage-labour nexus
generate material counterparts in stocksl dlows, constituting smoecological fixes to
production—demand mismatches. Stigles arise from social stggles across sociopolitical
blocs and are therefore inhetly political-economic processes (Ekers & Prudham, 2017).

3.3. Historical specificity and viability regimes

Overall, this framework alignaith demand-led growth modedsd the Kaldor—\Verdoorn law,
which describe feedbacks from rising demdo productivity (Kadlor, 1966; Lordon, 2002;
Tridico & Pariboni, 2018). Ahough empirical evidence in sonsases supports a wage-led
Kaldor-Verdoorn relatiortsp, the aim is not tassert a functionalistiew in which improved
working conditions and environmentatessure reinforces one anottfef@ather, symbiotic
modalities vary historically, eaning that improved workingpaditions may reinforce, reduce,
or leave material-uspatterns unchanged. This is consisteith cross-country diversity in
accumulation regimes with varying dynamic$viEen wage share, demand and investment.

+ Hypothesis 2: The symbiosis between wafetir nexus and sociometabolic regimes is
historically specific, taking distinct forms thadrrespond to alternating periods of crisis
and stability in capital accumulation, such as the transition from Fordism to Neoliberalism.

6 There may be an implicit growth-dependency trilemmanay be impossible to achieve more than two of the
following simultaneously—a labour-oriented wage-laboexus, high productivity driven by continued capital
accumulation, and a sarnetabolic regime with low environmehtaessure (De Oliveira & Lima, 2022).
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In this view, sociometabolic regimes appear ory as material expssions of accumulation
regimes (Cahen-Fourot & Magallsg023), but also as a condition to their viability through
interaction with ingtutional forms. Following Aglietta& Espagne (2024, p. 17), | define
viability regimes as “relations of dependermgenature” reproduced through institutions and
thus constituting historical onfigurations that ensure setal reproductin over time.
Consequently, symbiotic modaés shape the form and ducatiof accumulation regimes as
these are contingent on the stability of the wage-labour nexus and other institutional forms
(Marie & Michel, 2025), as well as the contiguavailability of materials and the expansion

of physical stocks for surplus absorption

3.4. Four modalities of socioecological symbiosis

The coevolution of the wageHaur nexus and sociometabol&gimes can be grouped into
four coexisting symbiotic types. The firstasresource-dependentrapromise (quadrant 2,

Figure 3), where the viability dhe wage-labour nexus relies loigh environmental pressures.
Fordism exemplifies this, combining strong ams, solidaristic bargaining, and productivity-
linked wages (Aglietta, 2000;der & Saillard, 2002; Lipietz1997) with rapid expansion of

resource-intensive production.

Figure 3. Classification of symbiotic relations

7 Pineault (2023b) identifies two additial metabolic constraints that amet considered here but are still
reflected in sociometabolic regimes: source depletion and sink saturation.
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The Fordist wage-labour nexus became unmatée as demand saturated, corporations
offshored production, and workers were diést, thereby undermining productivity gains
(Brenner & Glick, 1991; Petit, 1999). Fragmented labour relations followed, marking a
Neoliberal phase of extractive exploitation pfresented in quadrant 1) characterised by
deregulation, wage restraint, outsourcingd grecarious contrac{slassel & Palier, 2023).
Financialization further weaked the Fordist wage-labounnes by subordinating workers and
managers to indebtedness ahareholder imperats (Slater & Spence2014; Tauss, 2012).
Although stock accumulation has stagnated esburce efficiency has increased, high
material consumption persists.n@t quadrants have historicatlgexisted. Quadrant 3 reflects
green precarity, where job insecurity accompsiogver environmental pressure, often linked
to green sacrifice zones and cost shiftingaftihez-Alier, 2012). Quadrant 4 represents a
socioecological compromise in which labouofgctions and low environmental pressure
jointly stabilise sociometabolic viability.
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4. Research design

The goal of the analysis is to examine sigbiotic dynamics betwedhe wage—labour nexus
and sociometabolism indicators through caynégéion and time-varymig Granger causality

methods. These methods are adopted becawse cdn be coherently situated within a
coevolutionary framework, as demonstratedthe evolutionaryeconometrics’ literature

(Castellacci & Natera, 2013; J. Foster, 1991).

4.1.Empirical strategy

In line with the analytical framework describ@dsection 3, symbiotic tations are defined by
three characteristics: (i) a persistent long-rurcstmal relationship desggit(ii) periods of short-
term disruption and stability, dr(iii) bidirectional dynamics. Ténfirst two characteristics are
captured through cointegratianethods, which identify whethea linear combination of
variables exhibits stable statistical propertiever time, indicating a persistent, long-run
linkage (Engle & Granger, 1987). In this caar,error correction motlean be specified to
test how short-run deviations are corredtegard the long-run equilibrium relationship.

The third characteristic is cyped through Granger causalityethods, which assess whether
one time series contains predictive informatdout another beyond what is already contained
in its own past (Granger, 1969). To account fangeral discontinuities, | apply time-varying
Granger causality methods that identify shifterotime (Shi et al.2016). However, it is
important to note that Grangeausality does not imply structural causation; it measures
statistical precedence rather tharetcause-and-effect relationships.

To explore mechanismscomplement the infergial analysis with geriodisation study that
identifies the modalities of sybiosis through continty and discontinuity across time (Boyer
& Saillard, 2002; Huber, 2013). Tw this | first operationalise éhquadrants in figure 3 through
the relation between DMC and the wage shitieen account for historical heterogeneity by
examining the interplay between institutior@nfigurations and national trajectories of
material accumulation. Overathis approach highlights how sigmic contradictions in the
wage-labour nexus and theirstitutional fixes correspond tscillations betwen expansion
and stability in meerial consumption.

4.2.Data and measurement

The analysis draws on time-seyigata from the United Statasd France, covering labour and
sociometabolic indicators frodifferent open databases, asc@ed in Supplementary Table
1. These countries were selected based on datlalality and because they illustrate the post-
war Fordist wage-led growthadel and its subsequent trarmititoward financialized demand-
led regimes (Hassel & Palier, 2020). Both ecures share broadly comparable levels of
industrialisation and post-war growth tramies, which helps tdhold macroeconomic
conditions relatiely constant.
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Figure 4. Evolution of DomestMaterial ConsumptionThis graph shows how the saturation
of domestic material consumipn (DMC) is largely driverby the decrease since 1973 of
nonmetalic minerals (NON) whilelo¢r series of biomass (BIGpssil fuels (FO$and metals
(MET) remain constant or decrease slightly rdirae. Source: Own elaboration with data from
(Cahen-Fourot & Magalhaes, 2023resick et al., 2021; UNEP, 2025).

Sociometabolic regimes are operationalisedgisivo variables: per c#p domestic material
consumption (DMC) and gss additions to stocks (GAS). DM€calculated as total resource
extraction plus the physical tradalance and can be disaggtedanto material categories
(excluding water and air), including biomas#sssil energy carriers, metals, ores, and non-
metallic minerdl. The portion of DMC incorporated inm economy’s in-use physical stocks
constitutes GAS, comprising infrastructureilthngs, machinery, and household goods. GAS
differs from net additions to stocks as it ttaps physical expansidrefore any end-of-life
material outflowsare accounted for.

8 DMC captures domestic material congafinn but excludes indéct flows, that is, materials extracted abroad

along the production chain to satisfy final demand. Consequently, DMC attributes environmental pressures to
producers rather than consumers. A footprint-adjusted approach, incorporating raw material equivalents in the
physical trade balance, can reverse this, accounting for upstream extraction and global dynamics; however, such
data are available onfyom 1970 onwards.
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Figure 5. Evolution of Additions to Material StockEhis graph shows how the saturation of
gross additions to stocks igdely driven by the decline iadditions of infrastructure and
buildings to stocks. Source: Own elaboratrath data from (Widenhofer et al., 2024).

To identify which components of DMC and GAl8ve the results, | adiionally include their
disaggregated indicators. Figukeand 5 show that mater@étterns are largely shaped by non-
metallic minerals and fossil fudls the case of DMC and by buitdis and infrastructure in the
case of GAS. These disaggregated indicators ineheded as they represent the most relevant
dimensions of DMC and GAS.

Table 1: Summary Statistics (1950-2017)

Variables Mean SD Min Median Max
Social Metabolism

Domestic Material Consumption (Tons/capita) 179 51 8.0 16.6 28.0
Gross Additions to Stocks (Tons/capita) 80 26 16 7.7 129
Non-metalic Minerals Consumption (Tons/capita) 6.7 19 16 7.2 109
Fossil Consumption (Tons/capita) 50 26 16 5.8 8.8
GAS Infrastructure (Tons/capita) 58 21 07 5.7 9.8
GAS Buildings (Tons/capita) 16 04 07 1.7 25
Wage-labour Nexus

Union Density (% workforce) 157 6.5 7.8 147 30.9
Manufacturing Share (% employment) 194 51 87 20.2 258
Wage Share (% of GDP) 623 3.7 55.1 63.1 68.7
Productivity Growth (%; growth output/worker) 27 21 -30 24 96
Female Share (% workforce) 49.7 6.7 38.0 49.2 60.0
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The wage-labour nexus is opgoaalised along two dimensionthe organisation of work and
labour institutions. The first dimension captunesv work is organised within firms, including

the within-firm division of laboy as well as the macro alldaan of productive, unproductive,

and reproductive work. | measure this using indicators of labour productivity growth and the
shares of manufacturing andrfale employment itotal employment. The second dimension

of labour institutions, reflects the distributionioEome and power between capital and labour
and is captured through indicatafaunion density and the adjustedge share of total income.

Figure 6. Wage-labour Nexus Indicators: Thgimph shows how all indicators—share of
manufacturing employment @mp), union rate (union), ale of female employment
(fememp), labour productivity growth (prodgrthw and the wage share (wshare)—decline or
saturate around the 1970s. Source: Own esdioor with data from (Andrea, 2021), AMECO,
OWD, Pen World Tables.
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5. Empirical Results

5.1. Cointegration Analysis

Unit root tests (ADF, PP, Zivot—-Andrews; s8epplementary Tables 2-5) show that most
variables are stationary inrdi differences (except productijt with material variables
exhibiting structural breaks. Consequently test for cointegration by applying the
autoregressive distributed lag (ARDL)odel as it can accommodate both 1(0) and (1)
variables (Pesaran et al., 200Establishing cointegration requiréwo steps: first, assessing
via the bounds test whether a long-term stablationship exists between labour and social
metabolism indicators,na second, testing the stability ofghelation via an error correction
model (Pesaran et al., 2001). The ARDL bouteds model is specified as follows:

©L= (+ A‘z @g LJ:;U"‘ A?@H TQ?Y+ ala+ &ia+ E&+ ¢ (1)

Where U B the social metabolism indicator afcountry (DMC or GAS) representing the
dependent variable U B expressed as a function of itgdad values and the lagged values of

the independent variables comprised in the vecibRcontaining labour indicators. |
additionally incorporate a yeardak dummy (D) to amunt for structurabreaks identified in

the Zivot—Andrews test (Supplementaryplea3 and 5) (Gregory & Hansen, 1996).Mare lag

orders forU &nd T Respectively, determined by Akaikéormation criterion (AIC). Variables

U,BJ Fare the short-run coefficients arél, 2 are the long-run coefficients. Six models for
France and the United States derived from Equation 1 are estimated separately for the
distributive and organizationalrdensions, and all indicators of the wage-labour nexus, both
with and without a year-break dummy.

The bounds test is carried out fall six models with a joinF-test of tle following null
hypothesis: *0 = 8 = & = 0. The results in Table 2 show initial evidence of a long-run
relationship between material aladbour variables. Iboth the US and France, the F-tests are
significant, suggesting that all dimension$ the wage-labour mx&s have a long-run
equilibrium relationship with DMC, even wheatcounting for structural breaks. The only
exception is in model 2 for the US, indicatingttthe distributive dimension alone might have
a weak long-term relation. Moreover, the Fdest generally significant for the other material
use dimensions. Supplementary Tables 12 anéJ&al a stronger assation with fossil fuel
consumption in the U.S. and infrastructure in France.

9 The choice of social metabolism as the dependent variable is motivated by its more parsimonious measurement
structure, involving fewer indicator dimensions than the wage-labour nexus. Within the ARDL framework, the
designation of variables as dependent or explanatorynddenply a causal ordering; rather, it reflects a conditional
modelling strategy aimed at testing for the existenaelohg-run equilibrium relationship among the variables.
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Table 2: ARDL bounds tests for ¢hUS and France DMC

Equation USA FRA
(1) DMC = ((UNION, WSHARE) 4540 1236000
(2) DMC = ((UNION, WSHARE BREAK) 361 906000
(3) DMC = ((MEMP, FEMEMP, PROD) 5.6190Y 6,06°00
(4) DMC = ((MEMP, FEMEMP, PROD, BREAK) 9.63V00 4,79u0
(5) DMC = ((UNION, WSHARE, FEMEMP, MEMP, PROD 40899 539000

(6) DMC = ((UNION, WSHARE, FEMEMP, MEMP, PROD BREAK)  4.49000 11 @000

F-statistics at the 10%, 5%, and 1%dk respectively. The lag length is
selected by AIC with a maximum length of five. Insignificant lags were
removed.

In light of the statistically significant bounds tessults, the ARDL model is reformulated into
an error-correction specificatiqequation 4) to jointly estimate the long-run coefficients and
model the short-run adjustment dynamics. Thanadion was performed in two stages. First,
the long-run coefficients are estimated usingaticstegression in leV& (equation 2). Second,
short-run dynamics are analystéttlough an error correction spgcation, in which the error
correction term (ECT) is constructed from the residuaspf the estimated long-tn levels
equation (Equation 2):

L= &+ & i+ & )
A ol ®
.
1F Ay el
"9%6, = ( « go « gl W 4)
O )= 1+ A QU@L+ A g OIw+ O%ba+ ¢ (5)

Where (and & are the main coefficients ofterest. A negative andasistically sigificant error
correction term (ECT) indicatdbe speed at which deviatiofftem the long-run equilibrium
are corrected and, therefore, confirms the excsteof cointegration among the variables. The
long-run coefficients,as capture the long-run impact ofsron (6 Based on equation gix
models are again estimated separately Foance and the United States, covering both
dimensions separately and all indicatorshd wage-labour nexus, specified both with and
without a year-break variable.
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The results of the long-run coefficients and BT are presented in Tables 3 and 4 for the US
and France, respectively. Given that the ECiieigative and statistically significant across all
model specifications, the resuligrovide consistent evidencef a stable cointegrated
relationship between DMC and the wage-labowusen both the United States and France.
Moreover, all long-run coefficients in Model 6 atatistically insignificant when all dimensions

of the wage-labour nexus and structural bseake jointly consideretbr both the US and
France. This indicates that despite evidence of cointegration, no statistically significant long-
run relationships are observed between individizge-labour nexus variables and DMC. This

is because the models may behlaao disentangle or accuratetientify individual effects

since they do not rule oatl potential endogeneity biases.

Still, the models remain adequate for identifyicointegration, as the standard diagnostic tests
are insignificant. Specifically,examine serial correlation ing the Breusch—Godfrey LM test,
heteroscedasticity via the BreuschPagan mhaee functional form misspecification with the
RESET test, residual normality with the Jarque—Bera test and parameter stability using the
CUSUM test. The results indicate no evidencgsoial correlation except in Model 6 for France
which shows weak significance for the Breuscbefeey LM test. However, the other models
show no serial correlation, antl ather diagnostic tests are igsificant, suggesting that the
models are stable over time and well specified.

Table 3: ARDL Long-run Coefficient Estimates for US DMC

Dependent Variable: DMC

Independent Variable ) 2 (€)] 4 (5) (6)
UNION -0.07 -0.17 - - 0.77 -1.23
WSHARE 1.42000 148000 . - 1.1090 558
PROD - - 424000 922 1.10 4.29
MEMP - - 1.14900 218 -0.51 0.07
FEMEMP - - 0.62000 208 0.49 -1.45
1973BREAK - -1.80 - -19.32 - -16.54
ECT -0.48900 .0.40000 .9 43000 9 12000 g9 61000 9 21000
Diagnostics Tests

Breusch-Godfrey 1.60 2.3 2.98 2.08 3.73 3.31
Breusch-Pagan 16.23 18.32 16.50 19.67 25.62 28.11
RESET 2.37 1.29 1.17 1.36 2.34 0.03
Jarque-Bera 2.79 1.85 1.27 0.28 0.72 2.97
Stability Analysis

CUMSUM stable stable st stable stable stable
CUMSUMQ stable stable steb  stable stable stable

respectively. Lags length is selected by AIC with max length 5. Insignificant
lags were removed.
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Table 4: ARDL Long-run Coefficient Estimates for France DMC

Dependent Variable: DMC

Independent Variable (@) %) 3) 4 (5) (6)
UNION 1.04V00 1 pgquuU . - 1.44 0.82
WSHARE -1.21000 .1 27000 . - -2.61 -0.02
PROD - - 0.3199 02700 115 1.83
MEMP - - 0.47900 045000 051 -6.09
FEMEMP - - 0.47900 04500  0.24 -5.80
1980BREAK - 0.02 - -0.20 - -7.01
ECT -0.26Y0U .9, 26000 .1 g2UUU .1 030 UU g 2700V 9 19000
Diagnostics Tests

Breusch-Godfrey 111 1.09 1.70 111 457 4.98Y
Breusch-Pagan 4.99 5.03 17.32 18.60 24.93 26.91
RESET 0.00 0.00 0.08 0.29 0.62 2.25
Jarque-Bera 1.07 1.08 0.00 0.00 0.71 1.57
Stability Analysis

CUMSUM stable stable sthb stable stable stable
CUMSUMQ stable stable stieb  stable stable stable

Note: U UUU Udpresent statistical significance at the 10%, 5%, and 1% level,
respect|vely Lags length is selected by AIC with max length 5. Insignificant
lags were removed.

5.2. Time-varying Granger Causality

In this second part of the analysis, | estim@t@nger causality in both directions using the
time-varying approach of Shi et al. (2020),igthcan accommodate structural changes and
evolving causal relationships. This methodb&sed on the followintgag-augmented vector
autoregression (LA-VAR) specification of da and Yamamoto (1995) and Dolado and
Litkepohl (1996):

o= G+ b1+ A o4 dF laer A o ¢F iret A 268 ta+ ARG 250 T+ ¢ ()

xp= b+ b1+ AS o SF taet AY oW ¢F irer A5 269 ta+ AV 268 Tgt ep (7)
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Where (4and Tmare the social metabolism and labour time seri#gsand (2 are intercepts,
while O and & capture deterministic linear treAfisThe lag ordetGrepresents true lag length
of the underlying VAR@ model. To construdhe lag-augmented VARG @ and thus account
for trending variables, the spification incldes additional@ags, where@s the maximum
order of integration of variables. &main coefficients of interest at¢ Fand ({ Efor E 1, .

. ., Ggiven that the other coefficients associatgth the additional d are not included in the
testing restrictions (Baum et al., 2022). UsmgNald test, the joint significance of these
coefficients determines the Gangausality of each equation.

3

(a) FRA: DMC \ (b) FRA: (c) FRA: DMC \ (d) FRA: PROD \
WSHARE WSHARE \ PROD DMC
DMC

OMC, 1951 - 213

(e) USDMC \ (f) US: WSHARE\ (g) US: DMC \ (h) US: PROD\
WSHARE DMC PROD DMC

Figure 7. Time-Varying Granger Causality foeRce and the United States. This graph shows
how the time-varying Granger causality betw®C and wage-share and between DMC and
labour productivity is bi-directionacross time. The Y-axis repeds the Wald test statistic

and X-axis the time period from 1950 to 2017. Datiees represent 90% and 95% critical
values. Results were generated using TWGC STATA module (Otero et al.,, 2024).
Parameters: linear trend, 2 lags in the VAR model (AIC selected), differentiated variables
(d=1), window = 20% of sample, heterosastic-robust variance-caviance matrix, and 6
bootstrap critical values.

101 only focus on the wage share and productivity givery tre the only variables with data that goes back to
1950 and is large enough for the time varying analysithegcase of the wage share, | use a different source based
on FRED (share of labour compensation) which tsagijusted for self-employment as the AMECO source.
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To track the temporal evoleth of Granger-causal relationphj | employ Shi et al.’s (2020)
supremum Wald statistic sequences, which repeatedly estimate the model using different
sample subsets. Three algorithms geneth&se sequences, differing in their window
construction (Otero et al2024). The forward-expanding mdow approach incrementally
enlarges the sample over time, while the rgllimindow approach eptoys a fixed-length
window that moves sequentially throughetlsample. The recursive-expanding window
integrates these two methods dstimating regressioracross all expanding subsamples that
terminate at each observation and conducting inference using the maximum Wald statistic at
each point in time. Simulations suggest ttheg rolling and recursive-expanding procedures
perform best (Shi et al., 2020). As a resulnainly report the reasive-expanding window
procedure and include the oth@ocedures as robustnes®cks in Supplementary Figure 1

and 2.

Figure 7 presents the time-varying Granger causagults for France and the United States.
It plots the time-varying Wald statistics alongsttieir corresponding critical values. When the
Wald statistic exceeds the threshold, the nufidilgesis of no Granger causality is rejected,
indicating a significant Grayer causal effect durirtgat period. In the cagd France, causality
running from the wage share to DMC is mpstnounced during the 1970s and again around
the year 2000, whereas the reverse causdimeship—from DMC to the wage share—emerges
as statistically significant only from the 1980s oraga A broadly similar pattern is observed for
the United States. Causality from the wage sharDMC is strongest at the end of the 1960s
and becomes more volatile in subsequent decadigle causality from DMC to the wage share
appears only fronthe 1980s onwards.

With respect to the relationghbetween DMC and productivitihe results also point to a
discontinuous and time-varyingduiectional causal structuré&or France, Granger causality
running from productivity to DMC is relativelpersistent over time and is particularly
pronounced from the late 1960s to the mid-19&3swell as around 1990. In contrast, the
reverse causal relationship—fr@MC to productivity—exhibits less evidence of significance,
except for a brief episode around 1990. The re$oitthe United States display an opposing
pattern. Causality from productivity to DM€ only evident around 1990, whereas causality
from DMC to productivity appears tze more consistent over time.
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5.3.Identifying Modalities of Symbiosis

The results provide evidence of a symbioti@tienship between the wage-labour nexus and
sociometabolic regime. In this subsectiofyrther qualify this symbiosis by examining how
its specific modality evolvesver time through an analysis tbfe relationship between DMC
and wage share. Figure 8 operatim®s the quadrants introduced in Figure 3, with the vertical
line set at the median wage share and the tvutaz line fixed at 7.21per capita, representing
both the planetary boundary and the per capitgemadh use requirements satisfy twice the
level of decent living standasdor global population in 205@ickel & Sullivan, 2024; O’'Neill

et al., 2018).

The figures indicate a modest decline in DM@r time, most notablin the United States.
Nevertheless, the relationshipilveen material use and the wage share remains predominantly
above the 7.21-tonne threshold,iletshifting from ahigh to a low wagefsre configuration

over time. A comparable pattern emerges when considering the material footprint (purple line),
although at a substantially highevéd of material use. Consistiewith the framework outlined

in Figure 3, this patte suggests a transition from rescesdependent compromises toward
extractive exploitation, withoth the United States and Fcanundergoing this shift from the
1980s onwards. In other words, the wage-labmxus became increasingly capital-oriented
while remaining environmentally extractive.

Figure 8. Relation Between Maitd Use and Wage Shar&his graph shows how a decline in

the wage-share over time was accompanied by a stagnant or declining per capita material use.
Moreover, the levels of material use are abthes dotted line acrogsme, representing the
planetary boundary threshold atiné per capita material use requnents to satisfy twice the

level of decent living standasdor global population in 2050. Thislationship can be situated

in the four quadrants represented in figur&8urce: Own elaboration with data from (Cahen-
Fourot & Magalhaes, 2023; Streeck et al., 2020, 2021; UNEP, 2025).
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6. Periodizing socioecological symbiosis

The evidence supports the two hypotheses from section 3 in two key patterns. First, both
dimensions of the wage-labonexus are cointegrated with OB/ with partialarly strong
long-run associations for fossilduconsumption in the United&es and infrastructure stocks

in France. These patterns underscore the aentie of cheap energy and infrastructure
expansion in supporting domirtaindustrial sectors, notabButomobile manufacturing. The
labour requirements of thesecsms underpin wage-labour coromises that enable surplus
absorption through sustained/estment andonsumption.

Second, there is evidence for bidirectionahi@er causality between DMC and both the wage
share and labour productivity. Bg the Fordist period, cauggl from the wage share to
DMC is more stable, reflectg the role of wage growtim supporting mass consumption,
whereas in the Neoliberal period the reveetationship becomes mmpronounced, indicating

a saturated sociometabolic ieg@ and the degradation of wang conditions. This saturation

is further reflected ithe peak of bidirectional causglibetween DMC and labour productivity
around 1990, coinciding with declining energy lgyand a reconfiguration of the wage-labour
nexus along Neoliberal lines.

To further situate these empirical patterns historically, | analyse the symbiotic mechanisms driving
the synchronisation of demand with a@axpanding productive capacity. This implies
characterising the Fordist and Neoliberal pési in terms of the evolving interdependence
between the wage-labour nexarsd sociometabolic regimes.

6.1. The Fordist period of resource dependent compromises

During the Fordist period, high-income econonuiperated under an extensive sociometabolic
regime characterised by growiagvironmental pressures. This was partly driven by industrial
mechanisation, standardisati@md a drive for economies afade which made labour highly
productive (Hall, 2024). These productivity gaigenerated additional surplus for further
accumulation of physical stocks as long as consumer demand remained high. Consequently,
material use was intertwined with corporatel atate management lafoour to synchronise

mass production with mass consumption. Three key sociometabolic specifications characterised
this period: a resource-dependent industrial-mamalgdominant sociabloc, institutionalised
wage-productivity coupling, and Keysian demand managent policies.

The extensive sociometabolic regime durlgrdism reinforced a labour-protective wage-
labour nexus. The extensive cheterisation meant#hproduction scaled up through expanding
total energy and material throughput, drivenlasge investments in physical stocks. This
reflected the strength of thmanufacturing sector and highopluctivity gains, forming the
basis of the dominant social bjambodied in a compromise bet@n industrial capital and an
expanding salaried workforce. As resource-intensidustries rely on large fixed capital and are
embedded in value chains, they are particubanlperable to work disruptions. Consequently,
given that heavy industry functioned as the growth engine during Fordism, it also constituted
the foundation of labour’s strucalrpower within this period.
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In France, the Fordist compromise was exgedsin the Monnet Pha the first postwar
modernisation plan of coordinaténvestment implemented under hiemmissariat gaéral

du Plan Although formally in force from 1947 to 195Re Monnet Plan established a system
of indicative planning. It was politicallyupported by a dominant social bloc uniting state
technocrats, organised laboundasegments of industrial cagit which structured labour
management through successivangl until the late 1970s. Itssiitutional countguart in the
United States was the extension of the New Dedér which protecteithdustrial capital from
recession while linking organised labour tossiaonsumption under the Democratic Party
dominance. In both cases, Fordism was ressdependent as indusir capital conceded
autonomy only insofar as the compromise secured stability, mass consumption of materials, and
productivity gains.

The Fordist wage-labour nexus both depended and intensified an extensive social
metabolism by sustaining mass consumptiongs$ide expanding production. A core principle
was the widening division between conceptaiafl manual labour (Braverman, 1998). This
worker—manager split enhanced efficiency while enabling new sales-oriented occupations,
including advertising, product differentiatiomdiplanned obsolescence (Baran & Sweezy, 1966).
To secure these sales, industrial capital castéal the institutionalisen of wage-productivity
coupling. Rising wages and expanding salesrtsffled to a consumption norm centred on
househal and car ownership, reinforcing the extensive sociometabolic regime (Huber, 2013).
This pattern was anchored in the traditionatlear family—with the male breadwinner and
female homemaker—transforming households key sites of mass consumption (Berthonnet

& Clos, 2024; Fraser, 2022).

In the United States, the Fordist consumptiommorystallised with the United Auto Workers—
General Motors “Treaty of Detroit” (1950)vhich became a model ass industries. This
compromise granted workers a share inngsproductivity and improved their working
conditions. At the same time, it also subordinatedkers to managerial control, furthering the
Fordist division of labour toward the sales effdrt France, a comparable institutionalisation
emerged with the guaranteed minimum indukttiage (SMIG), later replaced by minimum
wage growth (SMIC) in 1970, which linked wag® productivity. Incresed purchasing power
was further supported by a wage-labouwtusestructured around family wages (Reer, 2012).
This organisation of reproductive work was séethe single-wage all@ance in France and
the Social Security Act in the United Statesjahhallocated social befies along gendered and
racial lines (mainly directed towasdvhite, male-breadwinner families).

The Fordist industrial-manageribloc also reinforced an #nsive sociometabolic regime
through the support of active state labour management. Dominant Keynesian demand-
management ideologies pursued surplusogition and full emplayent through public
expenditure (seen in military spending dadye infrastructure projects) enabling economies

to operate closer to full capacity while intensifying environmental pressures. Under these
conditions, private investment in physical $t®evas encouraged, and organised labour was
less likely to oppose resourcedensive technological change.
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A key example of state managent of surplus labour can lbeund in highway construction
(Baran & Sweezy, 1966). Inthe United States, the National Interstate and Defense Highways Act
of 1956 launched one of the largest pulbliarks programs, planning a 41,000-mile network
financed by the Highway Trust Fund. In Frangghway spending similarly formed a central
component of modernisation planning. In bothesasnajor unions supgded these initiatives
under the Fordist wage-labour nexafsull employment and stated investment. As a result,
highway construction exceeded &l needs and generated subtd environmental pressure.

The Fordist symbiosis proved unviable as it cor@diinternal contradins that ultimately
produced a crisis and regime shift. On thedpiction side, these caatictions manifested

as declining productivity gainsd the fragmentation of the indtial-managerial social bloc
(profit squeeze). The decline in energy quakityd cheap additions to physical stocks
contributed to slowing productivity gains (Jacks®019). This trend not only reflected the rise

of national liberation meements in the Global South busalthe weakening of the dominant
social bloc domestically. Internationalisation of production and the associated de-
industrialisation increasingly resolved staiymg profits by weakening industrial labour’s
structural power.

On the surplus absorption side, contradictioms@mwith the erosion of the family wage and a
decrease in capacityiligation. As markets saturatedhdch productivity gains slowed, wage
stagnation led to overproduction. Moreovergiabmovements incresangly undermined the
nuclear family ideal as the foundation of didimed and productive labour (Federici, 2021).
Rising female employment coimgd with welfare state retrerlent, producing a care crisis
(Berthonnet & Clos, 2024). This occurred as fa@silcould not maintain subsistence with only
a single member working, refli@ag the inability of demando meet productive capacity.
Finally, the oil shocks of the 1970s and stagflatioted as immediate triggers of a crisis rooted
in the contradictions of the Fordist wagé&dar nexus and extensigeciometabolic regime.

6.2. Neoliberal period of extractive exploitation

Neoliberal socioecological symbiosis emerged@aation to the internal contradictions of the
Fordist wage-labour nexus and sociometaboliines. Since the late 1970s, sociometabolic
regimes have become saturated and morensive, meaning resources were used more
efficiently without rapid throughpwgrowth. This shift partiallyeflects technological advances
in energy systems, agell as the tertiarizéon and internationalisen of production. At the
same time, these accumulation patterns weanddmentally interrelated to the adaptation of
corporate and state managemainthe labour process to therst crisis. On the production
side, surplus generation increagy took the form ofent and was relately decoupled from
material production (Riley & Brenner, 2025Pn the absorption side, under conditions of
saturated markets and rising idkgpital, surplus was increagiy absorbed through expanding
employment in finance, insurance, anealr estate (Magdoff &Foster, 2014). Three
socioecological specifications characterisei$ thansition: an extractive rentier dominant
social bloc, wage-productivity decoupling der shareholder priorities, and asset-price
Keynesianism.
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The Neoliberal dominant social bloc was fundatally extractive: it no longer fully relied on
expanding domestic material throughput, yet itaasd high levels afaterial consumption
through rent extraction and intensified labexploitation. It emerged as a compromise among
the weakened Fordist managerial bloc, financigital and transnational corporations which
overcame profit constraints linked to resmurdependency and labour’s structural power
(Dumenil & L€ vy, 2016). Energy systems characteribgdieclining energy quality from coal
and oil limited productivity-basegrofit growth. Consequently, sers decoupling profits from
productive investment became dominant, reflect weaker relationghibetween per capita
energy use and labour productivity (PellegBi23). Stagnant additions to physical stocks
reflected employment growih labour-intensive sectors suah finance and insurance. Thus,
the break with the extensive sociometabolgimee favoured a dominant social bloc detached
from domestic resource dependence. This domsail bloc excluded much of the workforce
as expectations shifted toward firtgal rather than productive gains.

The Neliberal bloc took form ihiberalising structural reform® restore accumulation. In the

US, the social compromise origited with the Volcker Coup 4B79, when the Federal Reserve
sharply raised interest rates to prioritise rents over employment, restructuring class power in
favour of finance (Durhal & Lé vy, 2016). In Francénsufficient support for European integration
made Neoliberal restructuring incrementaijlminating in a dominant social bloc with
Sarkozy’s 2007 flexicurity refons (Amable et al., 2012). Thegolitical projects united
support across the political speotr amid ideologicashifts following the collapse of Eastern

Bloc communism and the failure of Keynesianismesolve stagflation. Ultimately, this gave

rise to an extractive social bloc that resolved the Fordist crisis by privileging shareholder value
and abandoning reliance domestic mass production.

The Neoliberal compromise and its configuratof the wage-labour nexus both rested on and
reinforced intensive but stagnating sociomet@bregimes. This was evident in surplus-
absorption strategies centred on finance, insaaeal estate, and cavehich pushed firms to
restructure labour and secure profits primahipugh financial channels (Durand & Gueuder,
2018). Labour became subordirht® managerial and sharetet priorities through stock
buybacks, “downsize & distribute,” “merge &onopolize,” and subcontracting, all of which
discouraged investment in physical capita@é@Ry, 2025). These surplus extraction strategies
remained effective insofar as labour waspthced and wages decoupled from productivity.
This dynamic was especially visible in the Neolibeeak crisis, where laloir shifted into low-
wage, low-productivity sectorthrough the professiohsation of reproductive work largely
performed by female and ratised workers (Berthonnet & @3, 2024). As inequality rose,
material consumption declined while delsiven consumptiomorms intensified.

Liberalising reforms promoting flexibility and lower wages coincided with shifts in capital—
labour relations. Labour lost stotural power tied to heavy indug due to deidustrialisation,
subcontracting, and tertiarisation. Beyond thesectral shifts, however, a capital-oriented
wage-labour nexus was activalystitutionalised, fostering éhrise of “unorganizable” and
“materially light” sectors. Inthe U.S., this incled the rise of professional union-avoidance firms
and legal frameworks (Loga 2006). In France, similar dynamics emerged through
decentralised, firm-level bargaining whiragmented labour power (Howell, 2009).
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State labour management further facilitatieel commodification oknowledge and expanded
employment in financial and precarious seevsectors, reducing material consumption and
investment in physical stocks. State susplmanagement took thimrm of asset-price
keynesianism (Brenner, 2006), defined as extidemand stimulation through private credit
expansion and financial deregulation, ultinhateelying on public deficits to stabilise
accumulated corporate and banking debt. Correspondingly, infrastructure and welfare
expenditures declined, discouraging consumgtimhfixed capital formation. The prioritisation

of credit easing and intellectual property prtaitat further redirected investment toward
intangible assets, reinforg intellectual and financianonopolisation (Riley & Brenner,
2025). This marked a capltariented restructuringf the wage-labour nexus.

The United States played a primadriving role in the creatin of international agreements
such as the Trade-Related Aspects of lettllal Property Rightsyhich reinforced the
commodification of knowledge (Pagano, 2014). didition, states privatesd the care sector
through subsidies in response to unemployraedtthe care crisi@erthonnet & Clos, 2024;
Ndomo, 2025). Together, these strategies reatktite wage-labour raes toward capital by
expanding precarious service emyhent, separating workers from the intellectual content of
their labour, and professionahg reproductive work througimigrant labour exploitation.

Neoliberal symbiosis also faces internal doaists leading to its current unviability. In
production processes, the centrahtradiction lies irthe failure to rest@ productivity gains
despite relative decoupling fromaterial use. This is reflezd in rising energy expenditures
since 1999 and persistently loprofit rates (Pellegris, 2023)Moreover, as fixed capital
depreciates and is replacedpguctive capacity is expanded ewshen little net investment
occurs, thereby perpetuating overproductioragsloff & Foster, 2014). At the same time,
unlike Fordism, Neoliberalisnxaibits weak surplus-absorption capacity. While surplus capital
flowed to financial and monopodd sectors, this absorption manism did not stimulate further
demand as it dampened fixed capital formatioth ereated financial insbility. The resulting
wage-labour nexus concentragsplus further, intensifying the contradiction between high
productive capacity and a sedted sociometabolic regime.
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7. Conclusion

As the need for a sociometabatigurcation toward decent liwg within planetary boundaries
becomes increasingly urgent, two competingrprgtations of how such shift could unfold
have emerged. The first associates the enwliutf material use imigh-income economies
primarily with structural chnges in production processe$:rom this perspective, a
socioecological transition relies on either rase-efficient markeinnovation or unleashing
productive forces from privatproperty toward state-led egn investments. The second
interprets the acceleration andgstation of material use as redtin the co-evolution between
the technical routines of material use andiaocompromises. It recognises the role of
productive forces in bringing saenetabolic change but stresHeast these technical processes
are embedded in sl relations.

Through a historical analysis sbcioecological symbiosis, | @ride evidencéor this second
interpretation. By extendingecological revisions of Regulation Theory, | argue that
sociometabolic regimes are not only coastis on the wage-labour nexus but are also
fundamentally shaped by it. Moreover, thisndyotic relationship ishistorically specific,
crucially shaping the synchrontg&mn of production and consumeti, and thus the viability of
accumulation regimes. Quantitatively, thisesdent in cointegration and time-varying bi-
directional causality between material and lakimne series. Qualitatively, Fordism interrelated
extensive routines of material use and rising energy quality with a managerial social bloc
pushing family wage-productivity couplingnd Keynesian demand management. The
Neoliberal period emerged as an adaptatiothéometabolic constnais and overproduction
tendency that caused the Fordist crisis. Thus, Neoliberal socioecological symbiosis differs
fundamentally from its predecessor, relying ontarséed and intensive sociometabolic regime
which depended on and reinforced a dominantasdaioc that reoriented the wage-labour
nexus toward financial interests.

However, the analysis is limited to highebme countries and predominantly national
perspective, lacking fukngagement with the diversity sbcioecological symbioses across
countries. While the article considers footpmm¢asures of material consumption, these are
not included into the empirical analysis duedtia limitations. Therefore, further research
should compare results based on footprint and domestic consumption measures to better capture
how domestic and extra-national social compromasgsulate, explicitly incorporating Global
North—South dynamics into the framework. Thasild be done by highlighting the link between
the international regime (imperialism and inegranal division of laour) and the wage-labour
nexusl. Moreover, the symbiosis framework wouldrhere complete with an analysis of how
different accumulation regimes—particularly those diversified in the Neoliberal era—are
supported by specific interactions between thgeaabour nexus and soanetabolic regimes.

The analysis also risks over-homogenisirtgplar by implicitly treatingworkers as a unified
category and would benefit fromrther incorporating the agricultural sector, informal forms
of work and labour footpris as integral elements$ the wage-labour nexus.

11 Arguably, the Fordist international regime addsdemce to the category of resource dependent social
compromises given the crucial role of gold and the agtatiabour exploitation in stabilizing the Breton Woods
system (Green, 2026). Thewsttural changes associatsiith Neoliberalism contributed to solving this metabolic
constraint linked to gold.
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Despite these limitations, this study providedadence for an alternative explanation of
sociometabolic change with siisant implications. While Fordism is often celebrated as the
glorious years of improved living standards,depended on an extensive and inherently
unviable sociometabolic regime. This implies thaocioecological bifigation cannot simply

entail a return to mass-production-dependentarelinodels. The analysis further suggests that
material saturation in high-income countries did not arise from deliberate technical fixes under
Neoliberalism but from its internal contradarts, including low consuption and investment
patterns. A key implication is that addressing INewal contradictions and ecological viability
requires reconfiguring the wagablour nexus to deciple the satisfactioaf basic needs from
growth imperatives, theby removing the pssure to align demandtlvthe unlimited expansion

of productive capacity. While the pathways to acéithis remain contested, emerging research
increasingly highlights the reganisation of work around socialhecessary sectors, such as
care and public services, which are typicalharacterised by lowaroductivity. This shift
entails a break with the produaty—output treadmill through #nemergence of new forms of
labour power, which appear to arise not from pobilist or domestic sttural foundations but

from organizational capacity rooted in community networks and solidarity-based cross-national
alliances.
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