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The Antibiocene – towards an eco-social analysis
of humanity’s antimicrobial footprint
Claas Kirchhelle 1✉

Over eight decades of mass antimicrobial exposures have changed microbial populations and

genes at a global level. This thought piece argues that adequately responding to the

anthropogenic transformation of the microbial commons requires reframing antimicrobial

resistance (AMR) as the pheno- and genotypic signal of a new geological era – an Anti-

biocene. Thinking through the multiple spatiotemporal, biological, and social scales of this

Antibiocene opens important perspectives on the long-term goals of (anti)microbial stew-

ardship, the injustices connected with unequal antimicrobial exposures, and the scale of

necessary changes to health, food production, and waste disposal systems. Conceptualising

AMR within an Antibiocene also necessitates shifting the political gaze from the clinic and

sites of food production to the hitherto neglected environmental domain of One Health,

whose terrestrial and aquatic milieus act as crucial reservoirs for antimicrobial substances,

antimicrobial resistance genes, and resistant organisms. Finally, disentangling the human and

non-human dimensions of the Antibiocene requires working across the humanities, social-,

environmental, and biomedical sciences. The thought piece ends by proposing comparative

research on particularly contaminated sites as a promising way of reconstructing the

microbial, biochemical, and societal fallouts of chronic antimicrobial exposures as well as

already existing societal adaptations. Resulting findings will provide orientation for emerging

debates on the preservation of our microbial commons and the development of new forms of

‘eubiotic governance’.
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Introduction

Our biosphere is rapidly changing. In the case of microbial
environments, the rise of antimicrobial resistance (AMR)
across a wide number of bacterial species is a significant

genetic and phenotypic marker of humanity’s growing planetary
footprint. Although phylogenetic studies indicate that many
genetic traits conferring AMR predate the antimicrobial era
(Roumagnac et al. 2006; Holt et al. 2008; Tran-Dien et al. 2017;
Baker et al. 2018), the rapid rise in the release of antimicrobial
substances such as pharmaceuticals, heavy metals, and biocides
from the 19th century onwards has played a significant role in
accelerating this “Anthropocene in the cell” (D’Abramo and
Landecker 2019). Researchers, policymakers, and journalists have
responded to the ongoing acceleration of AMR burdens with
increasingly vocal calls for antimicrobial stewardship and drug
innovation to avert a pending “antibiotic apocalypse” (McKie
2017) when essential drugs no longer work (Davies 2013a; Davies
2013b).

But what if the alleged apocalypse is already upon us – just not
as a Hollywood-style catastrophic systems collapse – but as an
increasingly apparent degradation of the microbial commons
humanity relies on? If a return to an era of microbial sensitivity is
not possible both because of the inbuilt antimicrobial dependency
of our food and medical infrastructures as well as the genetic
legacy antimicrobial exposures have already created in our bio-
sphere (Chandler, Hutchinson, and Hutchison 2016), it is time to
focus on what life amongst the detritus of the antimicrobial era –
the Antibiocene1 – looks like. Abandoning the apocalyptic genre
that has grown up around AMR debates is neither defeatist nor
does it remove the need for urgent action to prevent deaths from
priority pathogens or ongoing stewardship efforts. Instead, it is to
contextualise and orientate ad hoc mitigation efforts within a
more long-term analytical eco-social framework of constantly
evolving human-microbial interactions.

In this thought piece, I first review existing attempts to make
sense of the unintended fallouts of our antimicrobial era and the
inherent limitations of traditional portrayals of antimicrobial
resistance (AMR) as a short-termist challenge of treatment failure
and individual responsibility. In part two of the article (Intro-
ducing the Antibiocene), I then move on to argue that engaging
with AMR as a major signal of an unfolding planetary Anti-
biocene opens the door for integrating rich strands of already
ongoing social sciences, environmental humanities, and biome-
dical research on the various scales and fallouts of antimicrobial
exposures and microbiota shifts. Thinking about AMR not as a
standalone medical or productivity challenge but as a potent
signal with which to assess wider shifts of human-microbial
relations and biochemical environments challenges the long-
standing prioritisation of human and animal over environmental
health (Destoumieux-Garzón et al. 2018). It also enables new
ways of thinking about microbial time in relation to geological
shifts and anthropogenic agency by laying bear the “pluribiotic”
constantly evolving multispecies entanglements (Brives 2021,
Barad 2007) around us. And finally, it reveals the stark inequal-
ities with which the burdens of antimicrobial exposures have been
distributed between and within societies. In part three
(Unearthing the Antibiocene), I end by discussing how com-
parative investigations of sites of chronic antimicrobial hyper-
exposure can untangle the biosocial dynamics of the Antibiocene
and inform emerging debates on fostering balanced eubiotic
(Berg et al. 2020) microbiota.

Explosive Exposure
For microbes, the modern era has been one of explosive exposure
to a growing number of selective pressures. Over the past two

centuries, warming temperatures, acidifying oceans, and the
anthropogenic release of amonia, nitrogen, and atmospheric
carbon dioxide and methane into our biosphere have impacted
microbial abundance and diversity (Gillings and Paulsen, 2014).
In addition, microbial populations have also been exposed to a
rapidly expanding number of highly selective antimicrobial sub-
stances such as pharmaceuticals, heavy metals, and biocides
(Lorimer 2020). While it is impossible to quantify the exact
amount of antimicrobial material released by humans since the
early industrial era or the launch of the first mass-marketed
sulphonamides around 1935, accretive exposure to millions of
tons of antimicrobial substances has transformed the microbiota
in and around us (Changing Markets and Ecostorm 2016).2

Ironically, many of the most potent modern antimicrobials or
their chemical forbears are produced by microbes themselves. For
millennia, certain microbes have used antimicrobials to signal and
compete with others (Marinelli and Genilloud 2013; Yim et al.
2007; Abrudan et al. 2015). Humans’ discovery and subsequent
mass-production of these substances via chemical synthesis or by
culturing vast monocultures of microbial anti-microbial produ-
cers has dramatically amplified this aspect of interbacterial rela-
tions. The result of this selective amplification of interbacterial
signalling has been uncompromising evolutionary pressure:
antimicrobial exposures have forced microbes to evolve numer-
ous ways to resist antimicrobial substances and pass on these old
and new AMR traits. Although humans have reacted to microbial
resistance by trying to increase antibiotic innovation and preserve
the efficacy of existing antimicrobials, they have simultaneously
allowed their health- and food-systems to become more and more
antibiotic dependent (Podolsky 2015; Gradmann 2018; Podolsky
2018; Kirchhelle 2018a, 2020).

As a result, virtually no microbiota have escaped the thin soup
of antimicrobial substances with which humans have covered
most of the planet. Routine antimicrobial exposure has occurred
in a wide range of terrestrial (You and Silbergeld 2014) and
aquatic (Kümmerer 2009; Kraemer, Ramachandran, and Perron
2019) environments. Whereas some environments contain only
miniscule amounts of antimicrobial substances, far higher selec-
tive concentrations have been reported in areas linked to human
and livestock habitation. A 2014 survey found high selective
concentrations of antimicrobials in the tap water of major Chi-
nese cities (Huang et al. 2015). Eight years later, a survey of 258
rivers, representing the environmental influence of 471.4 million
people, found levels of various antimicrobials in excess of
industry-set safety levels on all continents (Wilkinson et al. 2022).
Worryingly, recent research indicates that even very low con-
centrations of antimicrobials, which were previously deemed
nonselective can impact microbiota and select for AMR (Grenni
2022), with new data indicating potential associations between
particulate air pollution and local AMR levels (Zhou et al. 2023).

Microbial genomes have changed accordingly. Spreading by
air, land, and sea (Silbergeld 2016), antimicrobial resistance genes
(ARGs) have been recovered from frozen Antarctic environments
(Jara et al. 2020) to the microbiomes of uncontacted tribes from
remote South American jungles (Clemente et al. 2015) and clouds
above French mountains (Rossi et al. 2023). Similar to the
ongoing global increase of antimicrobial exposures, the spread of
ARGs appears to be cumulative. In 2010, an analysis of archived
Dutch soils found a significant increase of alleles of genes con-
ferring AMR between 1940 and 2008 with the abundance of some
alleles associated with tetracycline resistance increasing >15 fold
between 1970 and 2008 (Knapp et al. 2010; Zhu and Penuelas,
2020). If antibiotic drugs were once heralded as a symbol of
modernity’s promise to alleviate disease and hunger with tech-
nological progress (Bud 2007), rising AMR is a major signal of the
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enormous environmental and genomic externalities of a new
geological era – an Antibiocene – characterised by the explosive
planetary increase and persistence of multiple anthropogenic
antimicrobial exposures.

Human awareness of the potential costs of large-scale anti-
microbial interference with our biosphere dates back to the mid-
20th century. The emergence of microbial ‘drug fastness’ was first
observed and investigated around 1910 (Gradmann 2011). By the
late 1930s, doctors were reporting that pathogens could rapidly
develop resistance to sulphonamides (Landecker 2019; Lesch
2007). Two decades later, prominent microbiologists such as René
Dubos, discoverer of the first clinically tested and produced
biological antibiotic gramicidin, began to warn about destabilising
wider microbial ecosystems with mass antimicrobial usage
(Dubos 1942, [1959] 1985 [1965]; 1987). Dubos’ warnings were
amplified between 1958 and 1965 by the Japanese in vitro dis-
covery of mobile resistance factors (R-factors) and the British
in vivo observation that R-factors were exchanged between dif-
ferent bacteria species in clinical and farm environments
(Kirchhelle 2018b). Since this time, predictions of a pending end
of antibiotic efficacy as a result of AMR have been a regular
feature of scientific and mass media publications. Stalling anti-
biotic innovation, fears of (re-)emerging diseases, and advances in
genomic surveillance meant that warnings reached an interna-
tional crescendo ahead of the World Health Organisation’s
(WHO) 2015 Global Action Plan on AMR (Overton et al. 2021;
WHO 2015).

Despite human awareness of the potential planetary impacts of
accelerating antimicrobial exposures, resulting policy interven-
tions have been remarkably selective in their focus. Since the
1950s, the overwhelming majority of relevant policy publications
have focused on the immediate threat to health and productivity
posed by antibiotic failure in human and food production
(Overton et al. 2021). This short-termist framing of AMR as a
threat of therapy failure or productivity loss is understandable
given the significant mortality and morbidity resistant infections
have already caused throughout the world (Murray et al. 2022).
Warning about an imminent end of antibiotic efficacy – narrowly
defined as the end of therapeutic effectiveness but not as ongoing
antimicrobial selectivity – is also impactful when it comes to
generating short-term societal attention. Over the decades,
reports about ‘superbugs’ (US Senate 2010; McKenna 2010;
Häusler 2006), a time ‘when the drugs don’t work’ (Davies
2013a), or a return to the ‘preantibiotic Middle Ages’ (Anon 1966;
Cohen 1992) have spawned countless awareness campaigns,
attempts to quantify AMR’s economic impacts (O’Neill Review
2016), and increasingly integrated governance frameworks for
antimicrobial stewardship and innovation (Overton et al. 2021).
At first glance, the goal of these stewardship and innovation
initiatives is clear: to prevent deaths from resistant infections and
to ward off an imminent return to the pre- or -post-antibiotic
dark ages. What is, however, often less clear is what form the
predicted apocalypse will take: will it be a total loss of antibiotic
functionality? What is the timescale at which it will take place?
Whose health and access to antibiotics should be prioritised when
it comes to making the most of remaining therapeutically effec-
tive antimicrobials? Should the ultimate goal of stewardship be to
phase out the need for antibiotics altogether or to stabilise usage
at a yet to be defined sustainable level? Or is the goal to restore
previous levels of microbial sensitivity? (Kirchhelle et al. 2020).

This lack of long-term orientation and focus on short-term
clinical and productivity outcomes has fragmented global AMR
responses. It has also led to a very narrow focus on exposures
caused by antimicrobial pharmaceuticals rather than co-selective
non-pharmaceutical substances and a relative policy neglect of
wider antimicrobial impacts on microbial ecologies. A recent

review of 248 international policy reports on AMR since 1950
found that only two had exclusively and explicitly focused on the
third – environmental – domain of One Health (Overton et al.
2021). Similarly, a 2017 analysis of the 2015 WHO Global Action
Plan found that only a minority of policy proposals focused on
the environment (Ogyu et al. 2020). Although a gradual turn
towards environmental AMR hazards is occurring with the UN
Environmental Program emerging as an influential advocate
(UNEP, 2023; WHO One Health Global Leaders Group, 2022;
UNEP 2022; FAO/WHO 2019; FAO/WHO/OIE/UNEP, 2022),
the entrenched political neglect of AMR’s ecological dimensions
should not surprise us. In addition to the traditionally lower
status of environmental as opposed to clinical and veterinary
sciences, (Destoumieux-Garzón et al. 2018) environmental AMR
data is difficult to translate into policy. Despite growing knowl-
edge about environmental antimicrobial exposures and AMR
reservoirs, a comparative lack of systematised studies on resulting
medium- and long-term threats complicates proving conclusive
impacts on human and animal health or other detrimental
impacts. Lack of policy attention towards AMR’s indirect envir-
onmental pathways is exacerbated by decisionmakers’ tendency
to neglect more abstract scenarios of biosphere degradation with
no straightforward – and more costly– solutions in favour of
“quick fix” (Willis and Chandler 2019; Sariola and Butcher 2022)
policies targeting quantifiable threats at the farm and clinical level
(Singer et al. 2016).

Introducing the Antibiocene: appreciating the multi-scalar
dynamics of AMR
Overcoming the short-termist and narrow pharmaceutical mode
of AMR policy requires complementing risk framings of therapy
failure with a more long-term ecological understanding of the
fundamental shifts our biosphere has and will continue to
experience due to accelerating antimicrobial exposures. Similar to
the historicization of other anthropogenic impacts of planetary
scale, a promising way of achieving this scalar reorientation lies in
retelling the traditional clinic-focussed history of the antibiotic
era as part of a much wider, explosive, and still unfolding Anti-
biocene: a new geological era characterised by a profound pla-
netary shift of microbial genomes, cells, and ecosystems in
response to multiple accelerating anthropogenic antimicrobial
exposures. In the following, I argue that reconceptualising AMR
as a major signal of this Antibiocene allows us to: (1) overcome
what historian Dipesh Chakrabarty has described as the “out-
scal[ing]” (Chakrabarty, 2018) of human senses by the spatio-
temporal scales of the planetary Anthropocene; (2) foreground a
new form of eubiotic governance to manage the microbial com-
mons amidst intensifying antimicrobial fallouts; (3) pay greater
attention to the significant variations of geographic and social
vulnerability to chronic antimicrobial exposures and dysbiotic
environments.

Inscaling the anthropocene. Conceptually, reconceiving of AMR
and associated microbial population shifts as signals of an Anti-
biocene opens new ways of engaging with the rich social sciences
scholarship that has arisen around multi-species entanglements
within the broader Anthropocene.

Since its popularisation around 2000 (Crutzen 2006), the
concept of an Anthropocene as a distinct geological epoch shaped
by human action has posed challenges for social and humanities
scholars concerned about the concept’s anthropocentrism and
how to analyse change at geological scales. In his 2018 article
“Anthropocene Time”, historian Dipesh Chakrabarty noted:

…in most discussions of the Anthropocene, questions of
geological time fall out of view and the time of human
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world history comes to dominate. This one-sided conver-
sion of Earth-historical time of world history extracts an
intellectual price, for if we do not take into account Earth-
History processes that outscale our very human sense of
time, we do not quite see the depth of the predicament that
confronts humans today. (Chakrabarty 2018).

But what if the implied vastness of Chakrabarty’s “Earth-
History processes” (Chakrabarty 2018) itself results from an
anthropocentric preoccupation with change at spatiotemporal
scales that are grander than the human? In contrast to the
million-year cycles invoked by Chakrabarty, thinking through
geological eras at the microbial level entails attuning our thinking
to processes that can be both faster and slower than what is
normally considered in debates about the Anthropocene.

On the one hand, the sheer age, vastness, and adaptiveness of
microbial life seem to militate against the often criticised
anthropo- and biocentricism of the Anthropocene genre.
Prokaryotic (unicellular) microbes and archaea not only account
for the vast majority of life and biodiversity on earth, but have
also been at the heart of major geochemical processes in ocean,
continent and atmospheric chemistry for billions of years (Locey
and Lennon 2016; Druschel and Kappler 2015). According to
social scientists Myra Hird and Kathryn Yusoff, placing this
“conversation between bacteria and rocks front and centre as the
most enduring relation in processes of [geological] stratification”
reveals the limits of current preoccupations with humans as
geological agents: “geology and life are already involved in a
complex inter-evolutionary relation that precedes and exceeds
human activities but nonetheless hitches an evolutionary ride on
its material practices (…). Given enough time, everything
becomes digestable to bacteria” (Hird and Yusoff, 2019). Indeed,
recent reviews of AMR in the environment suggest that “external
environments already harbour resistance factors for all antibiotics
that will ever be developed” (Larsson and Flach, 2022). According
to Hird and others, “indifferent” (Hird, 2010) microbes and the
mechanisms with which they express and resist antimicrobials
were here before us, will rapidly adapt to our “infrastructures of
waste” (Hird, 2016a, b), and persist long after we have gone.

And yet, the very speed with which microbial signalling and
adaptation occurs across interconnected biogeographies simulta-
neously undermines this plus ça change concept of indifferent
microbial time. While one human generation lasts between 20–30
years, some bacteria species such as E. coli can double as quickly
every 20 minutes in laboratory settings and human guts and every
15 hours in the environment (Gibson et al. 2018). The awe-
inspiring speed with which life and generational time occur at the
microbial level means that one human generation can experience
the rise and global proliferation of entirely new microbial
organisms, genes, and environments. In the case of the over 30-
year Long-Term Evolution Experiment (LTEE), US researchers
witnessed a wide array of pheno- and genotypic changes whilst
examining more than 73,000 microbial generations of 12 initially
almost identical cultures of E. coli (Tenaillon et al. 2016; Lenski
2020). The amazing speed of genetic change within bacterial
communities is amplified by the promiscuous exchange of genetic
material between bacteria via plasmid- or bacteriophage-borne
horizontal gene transfer (HGT) and by transduction, the
adsorption of ‘free floating’ genetic material from the environ-
ment. Conservative estimates suggest that HGT is extremely
common in the bacterial world with exchanged accessory genes
frequently encoding for AMR and antimicrobial exposures
amplifying the likelihood of HGT (Liu et al. 2022; Sheinman
et al. 2021). It is against this background of ultra-fast microbial
time and “extreme genetic fluidity” (Margulis and Sagan 2007)
that the Anthropocene becomes amenable to world history: while

most and perhaps all AMR mechanisms predate humans, the last
two centuries have seen humans become a planetary force by
creating an increasingly selective antimicrobial bottleneck that is
reshaping the abundance of these mechanisms in microbial
genomes across nearly all biogeographies.

Similar to the expansion of a specific dialect within an existing
language, the resulting “anthropocene in [and around the
microbial] cell” (D’Abramo and Landecker 2019) is not abstract
but measurable. By combining genomic, ecological, biochemical,
archaeological, and historical data, we can reconstruct how
accelerating antimicrobial exposures radically amplified certain
forms of microbial signalling such as AMR and not others, as well
as relative shifts in microbial population abundance and diversity
including extinction of host-associated population niches (Wein-
bauer and Rassoulzadegan, 2007; Gillings and Paulsen, 2014;
Achmon et al., 2018). We can simultaneously use the dense web
of traces these changes have left in the historical record via
reports of antimicrobial treatment failure, changing disease
ecologies, and altered fermentation processes (see below) to
map how macrobial life was impacted and reacted – often by
introducing further selective pressures.

Taking both the antiquity and speed of microbial signalling
seriously thus allows us to answer Chakrabarty’s challenge not by
‘outscaling’ but by ‘inscaling’ the spatiotemporal frameworks with
which we study the “relational ontologies” (Castree 2003)
connecting micro- and macrobial life in the Antibiocene (Lorimer
2012; 2020; Greenhough 2012; Haraway 2013 [2008]; Hinchliffe
2022; Paxson 2008; Sariola and Gilbert 2020; Brives 2021).
Fortunately, there are a variety of analytical frameworks we can
draw on to orientate interdisciplinary debates about this new
phase of human-microbial relations. If the Antibiocene is a
cumulative externality of what environmental historians call the
“great acceleration” (McNeill and Engelke 2016) of humanity’s
impacts on planetary biogeochemical systems, we can analyse its’
inflection points and complex dynamics with tools developed for
other acceleration externalities such as pollution and the wider
human exposome (Gille and Lepawsky 2022; Webster and Mai
2021; Karlsson et al. 2021), the climate emergency (McNeill 2008;
Chakrabarty 2009; Smith et al. 2011; McKibben 2011; Locher and
Fressoz 2012; Mcneill 2015; Chakrabarty 2021), or biodiversity
loss (Rose et al. 2017; Padilla 2021).

Eubiotic governance. At the conceptual level, the Antibiocene’s
tracing of AMR to ‘inscale’ the broader Anthropocene provides
an effective analytical framework with which to merge the eva-
luation of accelerating change at the level of microbial cells, genes,
and communities, biochemical environments, and human socie-
ties. At the policy level, the concept’s interlayered approach to
human-microbial relations also allows us to move beyond tradi-
tional short-termist concerns about antimicrobial efficacy and
develop more long-term forms of eubiotic governance for our
microbial commons.

Achieving the described multiscalar reorientation entails seeing
the resistant microbe we encounter in a given moment as the end
product – a living archive – of a series of interlayered short-,
medium-, and long-term processes that constitute the broader
Antibiocene. Historians ranging from the French Annales School
to Reinhard Koselleck have long compared the analysis of
individual temporal events to a geological mode of enquiry
(Braudel and Wallerstein 2009; Koselleck 2003). Similar to a
mineralogical sample, each temporal event must be studied as the
cumulative outcome of multiple geological processes with
different timescales, varying depths, and distinct features
(Koselleck 2003). Keeping these different speeds, features, or
time layers in mind is key when it comes to understanding the
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microbial environments around us and our place within them.
Clinicians and patients rightly primarily see AMR in terms of an
individual instance of treatment success or failure. However, as
science studies scholar Hannah Landecker points out, the genetic
and phenotypic traits of the infections we encounter simulta-
neously reflect decades of antimicrobial exposures and other
selective pressures humans have historically brought to bear on
microbial populations (Landecker 2016). Some of these additional
pressures may be global such as human population growth,
anthropogenic climatic shifts, exposure to co-selective substances
such as heavy metals and biocides, and encroachment on new
ecologies, but others may well be more local such as the built
environments of specific cities and hospitals or shifting local
land- and water-use patterns.

Keeping this genealogy of biosocial antimicrobial exposures
and microbial reactions in mind is crucial when it comes to
devising more sustainable policy solutions. At the societal level,
acknowledging the Antibiocene’s interlayered spatiotemporal,
biochemical, genomic, ecological, and social dynamics poses an
inherent challenge to the traditionally short-termist, behaviourist,
and pharmaceutical-oriented policies that have characterised the
AMR space since the 1940s (Gradmann and Kirchhelle 2023). In
the case of current antimicrobial stewardship efforts, under-
standing the full biochemical range of past and present
anthropogenic AMR drivers shows the futility of reducing AMR
governance to a challenge of individual responsibility for ‘correct’
drug use (Tompson and Chandler 2021). Interconnected
microbiota and the cumulative legacies of antimicrobial expo-
sures across multiple environments also reveal the limits of
prioritising one aspect of the One Health triad over another.
Conceptualising AMR as rooted in deeper time frames with
multi-scalar eco-social drivers thus shifts the focus of interven-
tions from pharmaceutical use by individuals and specific
institutions towards broader eco-societal interventions. These
structural interventions need to target both the socially
entrenched dimensions of current antibiotic dependent “infra-
structures” (Chandler 2019) and the still selective legacies of past
pharmaceutical and non-pharmaceutical exposures.

The Antibiocene’s multiscalar reorientation of popular AMR
discourse also enables us to move from policies that only target
antimicrobial efficacy for individual bug-drug combinations to
new modes of microbial governance. Despite its planetary
importance, considerations of microbial life and the protection
of microbial diversity have been mostly excluded from major
international legal frameworks such as the 1993 UN Convention
on Biodiversity or the 2010 Nagoya Protocol on Access And
Benefit Sharing. The last 20 years have nonetheless seen a
growing number of biomedical and social scientists conceive of a
variety of conservation and stewardship frameworks for micro-
biota. In line with geographer Jamie Lorimer’s description of the
recent turn towards “probiotic governance” (Lorimer 2020),
much of this work has concentrated on conserving host-
associated or rare microbiota and rewilding microbial ecologies
in light of dysbiosis – a disruptive imbalance resulting in negative
changes to a microbiota’s functional composition and metabolic
activities (Cockell and Jones 2009; Cockell 2011; Trevelline et al.
2019; Redford 2023). Research has also focused on exploiting
microbial adaptation to remediate polluted environments (Ach-
mon et al. 2018) and preparing for microbial disasters and
microbiota degradation (Guerra et al. 2021; Valliere et al. 2020;
Smith and Casadevall 2022; Reese and Dunn 2018; Berg et al.
2020; Kirchhelle et al. 2020).

Social scientists have critiqued the anthropocentrism (Clark,
2011), uncritical affirmation of capitalist geopower (Chandler
2018; Yusoff 2016), and technological hubris (Hird and Yussof
2019) engrained in many of these approaches. The concept of the

Antibiocene safeguards against overly ambitious technological
solutions by highlighting the degree of change that has already
occurred and moving the focus away from ‘fixing’ or restoring
previous systems. Instead of trying to avert an ‘antibiotic
apocalypse’, it opens the door for more realistic conceptualisa-
tions of what social scientist Christian Haddad terms the ‘eubiotic
governance’ (Haddad 2023) of long since exposed microbiota.
Moving from emergency response to long-term management
(Kirchhelle and Roberts 2022), this new mode of eubiotic
governance would aim to mitigate dysbiotic dynamics not only
in human and animal health but across all three One Health
domains. It would also aim to foster eubiotic relations between
humans and microbes whilst acknowledging that eubiotic balance
is subject to continuous change and only partially captured by
existing metrics of antimicrobial sensitivity. In the short-term,
such a shift could take the form of new cost-benefit guidance for
farms and clinics that assess antimicrobials’ efficacy against
individual microbes alongside wider dysbiotic impacts on local
microbiota. Similar guidance for industry could use AMR
measurements to factor the microbiota impacts of antimicrobial
releases into resulting product costs and local and national
regulations. In the medium-term, thinking through the planetary
vulnerabilities and different speeds of antimicrobial exposure
could pair “microbiome stewardship” (Peixoto et al. 2022) and
investment in the remediation of antimicrobial exposures with an
acknowledgement of the significant differences with which the
Antibiocene’s fallouts have been distributed. Through the lens of
the Antibiocene, ecological concepts of eubiotic balance thus
become intimately paired with considerations of unequal
exposures, temporal shifts, and (in)justice (Ishaq et al. 2021).

(Anti)microbial asymmetries. The centrality of risk distribution
to planetary and environmental challenges has long been
acknowledged by social scientists and humanities scholars. In his
seminal Risk Society from 1986, sociologist Ulrich Beck noted that
the prediction, management, and distribution of risk was one of
the fundamental organising principles of modern societies and
could mirror or even exacerbate pre-existing class inequalities
(Beck 1986, 1994, 2007). Since then, a large body of scholarship
has expanded and adapted Beck’s risk society concept by high-
lighting the historically sited nature of risk and examining how
processes of exposure, distribution, and the creation of value via
remediation have played out in the case of pollutants ranging
from lead to persistent pesticides or endocrine disruptors (Vogel
2012; Mohun 2013; Boudia 2014; Boudia et al. 2018; Langston
2010; Vogel 2013; Langston 2014).

In the environmental humanities, questions of latency of
exposure, visibility of toxic, radioactive, carcinogenic, and
teratogenic risks, and what it means for communities to live in
permanently polluted environments have proven particularly
productive (Boudia et al. 2018; Boudia and Jas 2014; Creager
2014; Jas 2013; Schwerin 2010; Kirchhelle 2018c). Focusing on
calamities such as radioactive fallout or climate change that
“patiently dispense their devastation while remaining outside our
flickering attention spans,” literary scholar Rob Nixon has
developed the influential concept of “slow violence” (Nixon,
2011). In contrast to the direct violence of war or abuse, slow
violence is characterised by “anonymous” and “accretive” (Nixon,
2011) processes that expose communities to significant levels of
harm but are often initially invisible to scientists, activists, and
regulators. Once effects become visible, structural asymmetries in
the way certain communities and viewpoints ‘count’ allows
negative externalities for these communities to be discounted
from dominant risk-benefit calculations and leaves remediation
efforts incomplete. Amounting to a permanent state of
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biochemical “siege” (Mbembé and Meintjes 2003) or “wearing
out” (Berlant 2007), slow-violence often spans generations with
historic sites of exploitation and deprivation such as former slave
plantations and colonial territories hosting repeat waves of
‘violent’ polluting production and waste disposal practices (Hecht
2018; Davies 2018, 2022; Nixon 2011; Brown 2013).

Similar inequalities of exposure to antimicrobials, resulting
risks, and opportunities for value creation are also at play within
the Antibiocene. Far from being a global leveller, the biological
and social effects of AMR have been felt unevenly. At the
microbial level, differences in antimicrobial exposures mean that
biogeographies of AMR vary significantly with metagenomic
analyses of healthy human gut microbiomes indicating a clear
correlation between ARG prevalence and regional antimicrobial
usage per capita (Lee et al., 2023). At the societal level, vast
differences in access to nutrition, healthcare, welfare, water,
sanitation, and hygiene systems have moreover created significant
inequalities of exposure to dysbiotic microbial environments,
immunocompetence, and correlating risks posed by infectious
disease and AMR. Often, there are significant multi-generational
overlaps between sites of social vulnerability to microbial
infection and microbial exposure to antimicrobials and AMR
(Tompson and Chandler 2021; Ishaq et al. 2019, 2021). These
overlaps of AMR selection and vulnerability – a veritable
“stacking of lacks” (Sariola et al. 2022) – not only encompass
sites of current antimicrobial usage in medicine and food
production, but also the environmental domain in the form of
antimicrobial residues in terrestrial, aquatic, and airborne
environments.

While an ultimate escape from the impacts of our Antibiocene
is impossible, risk mitigation is available at a price. Since the
1930s, consumers in wealthier parts of the world have not only
driven antibiotic dependence in global health and food produc-
tion infrastructures, but have also been able to purchase “quick
fixes” (Willis and Chandler, 2019) for resulting exposure and
AMR problems. These fixes encompass access to still effective
forms of treatment such as reserve antibiotics and transplants of
‘healthy’ faecal microbiota from less exposed humans (Lorimer,
2020) as well as broader forms of risk minimisation or
displacement such as ‘antibiotic-free’ food systems (Kirchhelle
2020), infection control and prevention, and the outsourcing of
antimicrobial pollution to other parts of the world (see below).
Highlighting the accretive and unequal fallouts of chronic multi-
generational antimicrobial exposures as well as the economies of
microbial value creation and risk mitigation must thus be central
to engaging with the biosocial complexities of the Antibiocene as
well as any form of ‘eubiotic governance’ and “Just Transition”
for AMR (Just Transitions for AMR Working Group et al. 2023).

Unearthing the Antibiocene: studying life at sites of
hyperexposure
Although there is no one correct approach to studying a planetary
event, comparing interactions of microbes, genes, and macrobes
across sites of extreme chronic antimicrobial exposure is a pro-
ductive way of unearthing the biosocial and spatiotemporal scales
of the Antibiocene.

This unearthing is especially important when it comes to
understanding the long-term dynamics of antimicrobial expo-
sures and microbiota adaptations in different environments.
Despite over 25 years of systematised AMR surveillance in high-
income countries and significant recent advances in metage-
nomics (Kirchhelle 2020), our knowledge of the differential
impacts of environmental antimicrobial exposures on human and
non-human communities remains limited (Larsson and Flach,
2022). In the case of AMR, microbiologists have highlighted

aquatic and terrestrial environments as reservoirs of antibiotic
resistance genes (ARGs) and resistant organisms since ca. 1970
(Cycoń, Mrozik, and Piotrowska-Seget 2019; Levy, FitzGerald,
and Macone 1977; Regnier and Park 1972; H.W. Smith
1970, 1971; Weary et al. 1972). However, AMR burdens can vary
significantly between different biogeographies. Recent global
surveys of ARGs seem to confirm the 1934 Baas Becking
hypothesis whereby “everything is everywhere, but the environ-
ment selects” (De Wit and Bouvier 2006) – but do not always
agree on what it is in an environment that selects. A 2022 analysis
of 1088 soil metagenomes found that ARGs conferring multidrug
resistance were particularly abundant in temperate areas impac-
ted by human habitation, agricultural activity, and associated
pollutant and nutrient inputs (Zheng et al. 2022). By contrast, a
parallel survey of 757 sewage samples from 101 countries con-
firmed the global distribution of ARGs but also reported differ-
ences in the clustering of ARGs between distinct biogeographies
and higher prevalence of ARGs in water samples from hotter than
temperate climates (Munk et al. 2022).

Understanding the relationship between the varying cellular,
genomic, and metabolic ecosystem-level impacts of antimicrobial
exposures on microbial communities becomes even more com-
plicated when one moves to the medium- and long-term. Many
studies have explored how microbial communities react to short-
term clinical and environmental antimicrobial exposures over the
period of days, weeks, and months. However, far less is known
about the effects of longer-term microbiota exposure to different
antimicrobial concentrations as well as the complex biotic and
abiotic dynamics involved in antimicrobial degradation over years
and decades. How do initial antimicrobial inputs in one envir-
onment change over 50 years or a century? Are there critical
concentrations of exposure at which mutation rates and evolu-
tionary adaptation accelerate? How significant was the evolu-
tionary pressure created by the antibiotic era as opposed to
already rising levels of antimicrobial selection of heavy metals
during the Industrial Era? How do differences in the volume of
initial antimicrobial pollution and in the long-term bioavailability
of various antimicrobial substances impact local and regional
microbiota (Cycoń et al. 2019, Larsson and Flach, 2022)? Can
long-term reductions of exposure to certain selection pressures in
one region ever lead to a sustained restoration of bacterial sen-
sitivity? Answering these questions is crucial not only for devel-
oping more sustainable forms of antimicrobial production, usage,
and remediation, but also for exploring how the Antibiocene has
already transformed human-microbial relations.

A particularly promising approach to unpacking the described
spatiotemporal, genomic, biochemical, and social dynamics of the
Antibiocene is to conduct comparative longitudinal analyses of
sites of particularly extreme chronic antimicrobial pollution. For
decades, certain environments such as landfills and catchment
areas collecting liquid or solid waste from hospitals, intensive
animal feed operations, or pharmaceutical factories have func-
tioned as sites of hyperexposure where antimicrobial concentra-
tions far exceed those of other environments (Zeeshan Qadar,
Thane, and Haworth-Brockman 2021; Kotwani, Joshi, and Kaloni
2021; Taneja and Sharma 2019; Adelowo, Ojo, and Fagade 2009;
Anand et al. 2021; Marshall and Levy 2011; Levy, FitzGerald, and
Macone 1977). In 2018, Achmon et al. already proposed a
microbiological mapping of the Anthropocene through the lens of
sealed landfills. Referring to these environments as xeno-
ecological niches (XENS), the authors noted that local micro-
biomes could be analysed for signs of functional adaptation,
potential biotechnological remediation pathways, and dating the
Anthropocene (Achmon et al 2018). In a similar vein, social and
environmental scientists have used investigations of polluted
landfills and rivers to explore the multi-species relations of
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“wasting and exposure that cohere around human detritus” (Hird
and Yussof 2019; Hird 2016a, b; Vaverková and Koda 2023;
Kraemer, Ramachandran, and Perron 2019; Broom and Doron
2022; Doron and Broom, 2019). However, so far, most investi-
gations have either limited themselves to studying the period after
1945 or failed to engage in the comparative analysis of sites across
multiple biogeographies.

Unearthing the spatiotemporal dynamics of the unfolding
Antibiocene depends on establishing a broader integrative
research agenda that does not limit histories of antimicrobial
exposure to the antibiotic era and compares relevant biological,
chemical, and historical markers across a range of geographies
and societal contexts. At the biochemical level, analysing current
antimicrobial activity in different strata alongside historical data
on the identity and volume of initial antimicrobial inputs can be
used to assess decomposition rates in different environments.
Comparing data across sites can also be used to assess the pla-
netary ‘background signal’ left by two centuries of antimicrobial
exposures. At the genomic level, relevant markers of the Anti-
biocene may range from the expanding presence of individual
ARGs to shifts in the species composition of microbiota and the
presence of mobile genetic elements such as plasmids and inte-
gron cassettes, which are particularly likely to confer AMR.
Resulting longitudinal data on population structures and geno-
types of exposed microbiota can be compared with archived
samples in microbial culture collections, historical environmental
isolates (e.g. soil archives), as well as data from less exposed sites.
At the historical level, genomic and biochemical data on expo-
sures and microbial adaptation can be complemented with a
systematic reconstruction of contemporary observational data on
shifting human-microbial relations via recorded phenotypes,
AMR profiles, and broader microbiota dynamics (see below).
Combining the analysis of these biochemical, genetic, and his-
torical markers will help us better understand the spatiotemporal
extent of the Antibiocene, its points of genomic and biochemical
acceleration, the role of biogeographies in amplifying or muting
AMR proliferation, and why – despite decades of antimicrobial
exposures – we have not seen more organisms develop pan-
resistance to the antibiotics we rely on.

In addition to this excavational research, historical and social
sciences analyses of the human communities living at identified
sites of hyper-exposure can lead to a better understanding of the
adaptations that chronic antimicrobial exposures triggers at the
level of the individual and society. As beings who are inhabited by
and depend on the trillions of microbial organisms in, on, and
around our bodies (Sender, Fuchs, and Milo 2016), this neces-
sarily includes paying equal attention to the human and non-
human stories we encounter in the archives and the field.
Working with epidemiologists, historians can use archival data to
pinpoint likely sites of historical exposure and reveal the practices
that led to their initial contamination as well as subsequent
remediation attempts. They can also systematically search for
resulting health impacts in archived clinical reports and public
health data. Moving beyond immediate questions of antimicrobial
contamination and therapeutic efficacy, historians and social
scientists can also look for broader environmental impacts of the
antimicrobial era by creatively examining new types of sources. A
good place to start looking for traces of the Antibiocene is in the
records and vernacular knowledge of professions tasked with
managing microbial processes and waste. In the case of aquatic
and terrestrial environments, this may include interviewing and
analysing reports and diaries of the engineers, farmers, and
planners dealing with the growing global volumes of solid and
liquid waste produced by pharmaceutical plants, urban commu-
nities, and concentrated animal populations. During the 1960s,
engineers at Merck’s Stonewall Plant on the Shenandoah River

reported on their ability to handle tens of thousands of tons of
biologically active and heavily contaminated wastes with a mix of
inorganic and organic processes. They also expressed great
interest in the ‘probiotic’ effects of ploughing under vast quan-
tities of antimicrobial wastes on company land as well as the rich
amount of micro- and macrobial life proliferating on sewage
filters (Horne et al. 1962). Because of engineers’ dependence on
microorganisms to break down organic matter in activated
sludge, there are many further traces of unexpected antimicrobial
impacts such as the need to ‘top up’ industrial waste plants with
raw microbe-rich sanitary waste to deal with “strong” (Muss
1951) penicillin residues.

Similarly revealing discussions about the Antibiocene are pre-
sent in documents deposited by industries, who depended on
harnessing microbial labour. Workers at dairies, breweries, and
pharmaceutical plants were quick to notice changes in the per-
formance of the microbial cultures they employed. They were also
amongst the first to engage in what anthropologist Anna Low-
enhaupt Tsing has called “salvage accumulation” (Tsing 2015) by
finding ways of integrating resistant organisms and ARGs into
capitalist supply chains. In the case of dairies, complaints about
antimicrobial impacts on microbial fermentation, the need for
resistant starter cultures, and concerns about resistant pathogens
such as staphylococci and streptococci in cheese became common
place from the 1950s onwards (Smith-Howard 2010; Trembath
1950; Thatcher and Simon 1955; Thatcher and Ross 1960). In the
brewing industry, the observation that many industrial micro-
organisms were resistant to biological antibiotics led to great
interest in using antibiotics to purify brewing yeasts and preserve
beer and monitoring for AMR selection (Green 1955; Portno
1968). Meanwhile, the ability to isolate, manipulate, and transfer,
and patent formerly ‘wildtype’ ARGs has come to underpin a
global recombinant infrastructure of microbial cell factories
producing substances ranging from human insulin to acetone and
monoclonal antibodies (Rasmussen 2014). Once one starts
searching, traces and human impacts of the Antibiocene appear
throughout the archives of modern industry, agriculture, medi-
cine, science, and government.

Social scientists and historians can also use investigations of
sites of antimicrobial hyperexposure to decipher how societies
have made sense of resulting risks. In line with geographer Steve
Hinchliffe’s call to integrate postcolonial with ‘post-colony’
approaches to health and microbes (Hinchliffe 2022), researchers
are already studying how expert and vernacular perceptions of
ecological change, disease risks, and AMR exposure influence
“environmental imaginaries” (Helliwell et al. 2021) and societal
behaviours such as altered antimicrobial usage, production and
health care practices, or resource use (Broom et al. 2020; Doron
and Broom 2019; Hinchliffe, Butcher, and Rahman 2018;
Kirchhelle 2020; Nayiga et al. 2022). Adopting this ‘post-colony’
framework is also useful when it comes to studying the shifting
geographies of antimicrobial pollution. While early antimicrobial
manufacturing sites were primarily located in high- and medium-
income countries, cost pressures, patent expiries, and develop-
ment plans led to a relocation of active pharmaceutical ingredient
(API) production and packaging to emerging economies from the
1970s (Wellcome Trust & Boston Consulting Group 2022; Greene
2014; Mackintosh et al. 2016; Nishino 2022; Rajan 2017). The
outsourcing of production capacities opened new revenue streams
for low- and middle-income countries (WHO 2017; Greene 2014)
but also exposed poor communities in former colonial settings to
some of the most extreme human-made antimicrobial environ-
ments on earth (Lübbert et al. 2017; Doron and Broom 2019).
Studying resulting ecological and health impacts and community-
level adaptations is crucial to mapping both the ‘slow violence’ of
globalised antimicrobial pollution and how local action can
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mitigate resulting fallouts. Learning from vernacular practices of
managing disease and AMR risks in farming and health care can
be an effective way to adapt and add value to frequently context-
devoid international stewardship efforts (Hinchliffe, Butcher, and
Rahman 2018; Doron and Broom 2019; Broom and Doron 2022;
Sariola et al. 2022). This is certainly true for antimicrobial pol-
lution. In 2020, India reacted to sustained local and international
activism by becoming the first country to challenge industry-set
wastewater standards and devise statutory limits on anti-
microbials in water (ReACT Group, 2020). With a growing
number of countries onshoring antibiotic production (Anon
2021; EU Parliament 2021), Indian experiences in highly exposed
locations such as Hyderabad will hold important lessons for
international debates on antimicrobial pollution mitigation and
challenge entrenched ‘North-South’ flows of antimicrobial policy
(Gradmann and Kirchhelle 2023).

From apocalypse to remediation?
Much ink has already been spilt on the Anthropocene – as well as
the various linguistic offshoots it has created (Hickmann et al.
2019). While some readers will undoubtedly disagree with the
proposed concept of an Antibiocene, there is little to be lost in
expanding narrow traditional understandings of AMR as treat-
ment failure. Studying AMR as a pheno- and genotypic signal of a
new era of human-microbial relations characterised by multiple
accelerating antimicrobial exposures is not to deny the urgent
need to address the threat to lives and livelihoods posed by
resistant pathogens. Rather, it is to create an integrative frame-
work that pays appropriate attention to the broader ecosystems
challenge posed by two centuries of accelerating pharmaceutical
and non-pharmaceutical antimicrobial exposures, the startling
inequalities with which health and environmental fallouts have
been distributed, and the need to reorientate short-termist anti-
biotic stewardship to respond to these long-term challenges.

Such an integrative framework should not automatically
prioritise traditional clinical or productivity viewpoints but merge
perspectives from across the biological, medical, and social sci-
ences as well as the humanities. Learning from academic and
policy responses to other Anthropocene-related challenges, it
should also actively engage with questions of social equity, risk
distribution, and the slow violence of chronic antimicrobial
exposures. Paying attention to the inequalities and variability of
selective exposures within the Antibiocene relativises the long-
standing dominance of high-income perspectives on AMR and
international antimicrobial policies. It also allows us to take ser-
iously and learn from the lived experiences of many often mar-
ginalised communities when it comes to living with and adapting
to chronic antimicrobial exposures.

As proposed in this thought piece, one way of achieving the
required interlayering of disciplinary, societal, and geographic
perspectives may be to systematically investigate and compare
sites of past and present antimicrobial hyperexposure across
multiple biogeographies. Resulting data can shed important light
on the interrelation of antimicrobial exposures, AMR selection,
and broader microbiota shifts – as well as on how macrobial
communities have adapted to, remediated, and in some cases
engaged in salvage accumulation within permanently altered
microbial environments. By revealing the extent to which our
various biogeographies have already been altered and what future
dynamics of the Antibiocene may look like, these interdisciplinary
investigations can challenge notions of ‘indifferent’ microbial
time and give rise to a new contextual mode of policy-making: if
we cannot return to a pre-antibiotic era, how do we manage the
microbial commons as well as orientate (anti)microbial stew-
ardship and remediation efforts moving forward? Answers will

not be straightforward either from a microbiological or societal
perspective and microbial eubiosis for one community may well
entail dysbiosis or socio-economic burdens for another. However,
after almost two centuries of accelerating antimicrobial exposures,
it is time to move from merely conserving pharmaceutical efficacy
to stewarding our wider microbial biosphere.

Data availability
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Notes
1 The Antibiocene is a portmanteau consisting of a the prefix “antibio-“ from the word
antibiosis meaning the antagonism resulting from the toxicity of secondary metabolites
produced by one organism for other microorganisms and the suffix “-cene” from the
Greek kainos meaning recent.

2 In the US alone, over 10,449 tons of antimicrobial drugs were actively marketed to
food-producing animals in 2020 (FDA 2021).
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