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A B S T R A C T   

Climate/ecological breakdown and automation are two defining challenges of the current era, yet there is little research on their conjunctural intersection. Across 
experimental landscapes from agriculture to conservation to mining to weather modification, automation technologies are increasingly being presented as the key to 
fixing, managing and even transcending the turbulent ecologies of the Anthropocene which threaten social and economic reproduction. This emerging set of visions, 
experiments and uses rest on the systemic capabilities of bundled robotic and autonomous system technologies (e.g. advanced sensors machine vision, artificial 
intelligence, robotics) to see, know and intervene in the biophysical world in new ways. This, we argue, potentially represents a shift beyond logics of mitigation and 
adaptation towards engineering nature in the face of converging environmental threats. Synthesising insights from existing literature, we develop a conceptual 
framework for understanding the ‘new ecologies of automation’ and diverse, site-specific applications across what we call ‘operational ecologies’. We then explore a 
range of diverse exemplars, creating a typology of operational ecologies before discussing key logics, themes and directions for critical research. Overall, the paper 
makes a significant and original contribution to knowledge in critical geography, and the under-researched intersection between political ecology and automation 
studies.   

1. Introduction 

Advances in the hardware and software of automation technologies 
is being felt in ever more domains of life, profoundly altering social and 
economic relations. In critical geography, there has been rising interest 
in how “algorithmic robotic technologies are increasingly becoming 
woven into, and thus helping to create, our complex, continuously 
evolving, and contingent socio-spatial realities” (Casino et al., 2020: 
611). Yet while there is a burgeoning literature on the new geographies 
of automation, there is relatively little exploring what we call the ‘new 
ecologies of automation’ (although see Dauvergne, 2020). We address 
this gap by providing a synoptic view and conceptual framework for 
understanding the increasingly widespread use of automation and ro-
botics across different environmental domains and claims that they 
could be crucial in tackling major ecological crises. 

Emblematic of such claims is the Fourth Industrial Revolution for the 
Earth report (PwC, 2018), prepared for the World Economic Forum, in 
which the authors claim that the combined capabilities of this bundle of 
technologies offers “unparalleled opportunities to overcome” 

converging environmental challenges, with a specific focus on the uses 
of artificial intelligence (AI). Spanning climate, biodiversity loss, ocean 

degradation, water insecurity, clean air and natural disasters, the report 
highlights innovations in AI and other automated systems designed to 
forecast and protect against extreme weather events in real-time, radi-
cally reduce resource use and vastly extend the scope of environmental 
monitoring and control. This is augmented by the growing sophisticat-
ion and dramatically falling costs of drones and other robots, which are 
transforming humans’ ability to operate at a distance and in previously 
inaccessible environments. 

This report sits within a wider set of debates about how technological 
change is opening up new ways of engaging with nature, including the 
use of AI and robotics, but also nanotechnology, geoengineering and 
large-scale carbon removal, synthetic biology, gene-editing, assisted 
evolution and de-extinction techniques (Buck, 2019; Nicholson and 
Reynolds, 2020; Preston, 2018; Thiele, 2020). In The Synthetic Age, 
Preston (2018) argues we are entering an era of “unprecedented degree 
of malleability of the Earth that new technologies are making possible”, 
which will “reach deeply into the earth’s metabolism … [changing] not 
just how the planet looks but also how the planet works” (p. xviii). As 
Nicholson and Reynolds (2020) put it: “Although humanity’s impacts on 
Earth systems have thus far been largely unintentional, some emerging 
technologies would enable activities to alter basic planetary features 
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intentionally” (p. 2). Significantly the environmental logic at the core of 
this emerging literature appears to be moving beyond prevailing modes 
of mitigation and adaptation, towards something more actively inter-
ventionist – which Thiele refers to as “engineering nature to save it” (p. 
10). 

Ideas and practices of using technology to intentionally shape and 
even ‘engineer’ nature are of course nothing new (e.g. Odum and Odum, 
2003). Nevertheless, there is clearly increasing activity and experi-
mentation taking place at the intersection of rapid technological change 
and growing stresses and pressures on Earth’s capacities to sustain social 
and economic life. While there is a growing literature looking at the 
implications and governance of synthetic biology and geoengineering, 
research on automation and robotics is far less developed. Yet automa-
tion technologies potentially offer new ways of engaging with bio-
physical processes and resources, acting with greater speed, efficiency 
and precision at different scales, enabling new forms of environmental 
intervention, response and control – and spurring new socio-technical 
visions of how to manage the climate and other turbulent ecologies. 
Although the application of new and experimental technologies in na-
ture remains highly contingent and constrained, the growing sense of 
environmental crisis, especially around climate breakdown is opening 
political space and potentially lowering thresholds of risk associated 
with more radical forms of intervention. 

A shift towards a logic of ‘engineering nature’ would have profound 
social and ecological implications. Nicholson and Reynolds argue 
emerging technologies “will fundamentally change how humanity in-
teracts with Earth systems and, by extension, how we see ourselves as 
human beings in relation to the nonhuman world” (2020: 2). Once 
established, this set of processes and relationships would not be easy to 
reverse. There may be opportunities to manage increasingly volatile 
environmental conditions, but the particular forms and sites of inter-
vention will inevitably be selective and structurally constrained. This 
raises critical questions about who and what will be protected, 
empowered or sacrificed, and how different socio-technical in-
frastructures, projects, programmes and practices might be governed 
(Buck, 2019; Nicholson and Reynolds, 2020). Yet while the notion of 
‘engineering nature’ is useful, we currently lack a common set of con-
cepts and framework from a critical geographical perspective to think 
across different environmental domains and link together, theorise and 
analyse emerging socio-technical-ecological configurations being 
imagined and developed. 

In this paper, we address this gap through the development of a 
geographically informed research agenda for understanding the ‘new 
ecologies of automation’. We introduce a novel conceptualisation we 
term ‘operational ecologies’ as a way of framing this emerging landscape 
of projects, practices and experimentation – drawing on urban and 
landscape architecture theory and political ecology. Our analytical 
framework has three interlocking elements, each corresponding to a 
section of the paper. First, we highlight the eco-technical capacities of 
advanced automation technologies which combine increasingly so-
phisticated ways of seeing and knowing nature with new ways of 
responding to, intervening in and interacting with biophysical pro-
cesses, identifying both potentials and limits. Second, we connect the 
new ecologies of automation across different domains through the 
notion of operational ecologies. Operational ecologies denote emerging 
and experimental sites of environmental enclosure, control, intervention 
and exploitation, which involve the provision and management of bio-
physical processes and resources vital for social and economic repro-
duction. Third, we argue that new uses of automation technologies move 
beyond prevailing modes of mitigation and adaptation and sites within a 
broader logic of ‘engineering nature’. This distinctive logic embraces the 
idea of nature as malleable to intentional design and intervention, 
mediated by the blended capabilities of increasingly powerful automa-
tion technologies. 

Importantly, our conceptualisation and framework allow us to think 
synoptically across different domains, contexts and cases and create a 

more systemic picture of the new ecologies of automation. It provides a 
basis for understanding what is new, while pointing to an uneven 
landscape of contingencies, specificities and struggles. The paper draws 
systematically on what is currently a highly fragmented literature on 
experimental, research and commercial robotic applications from within 
both the critical social sciences and technical and engineering disci-
plines. The conceptual framework and analysis of the bricolage of ro-
botic applications makes a key contribution to work on new geographies 
of automation. This constitutes a novel area of research concerned with 
the role of automation and robotics in reconfiguring existing and new 
logics of ‘engineering nature’ and wider debates about the co-evolution 
of technological change and societal relations with nature. The paper 
opens up critical questions, from which we set out in the conclusion the 
key research priorities for the interrogation of the ‘new ecologies of 
automation’. 

The paper is the product of expansive desk-based research, designed 
to map and conceptualise the range of activity relating to experimen-
tation and use of robotic and autonomous systems across different 
environmental domains. This involved scanning and reviewing frag-
mented academic research across different disciplines, identifying key 
themes and gaps, as well as collecting a significant volume of non- 
academic documentary material – including online articles, company 
blogs and websites, as well as reports and grey literature from various 
private sector, governmental and third sector sources. The material was 
generated slowly over approximately 18 months through regular online 
searches and content alerts using key search terms, and filtered ac-
cording to their positive identification as examples where robotic action 
was claimed as a key capability for intervening in biophysical processes 
or contexts. Further conceptual development was achieved by analysing 
the examples in relation to: (i) the ecological problems or objectives 
identified; (ii) the robotic/automated capabilities mobilised in response; 
and (iii) the key claims relating to biophysical interventions and out-
comes. Out of this analysis were derived the three key logics we attach to 
different ‘operational ecologies’. 

2. The new ‘ecologies of automation’ 

Although definitions are often vague in this emerging field, we 
follow Del Casino et al (2020) who propose automation and robotics as a 
terrain that consists of the “hardware and software that can be found in 
the materialities of robot bodies, and the algorithmic logics and machine 
learning capacities of new emerging digital technologies” (p. 606). 
Recent geographical attention reflects developments in service and field 
robotics, which have enabled robots to move out of the controlled 
context of the factory, and interact with humans and more complex and 
unstructured environments (Royakkers and van Est, 2015; Thorpe and 
Durrant-Whyte, 2001; While et al., 2021). Innovation in these fields 
mean more sophisticated forms of robotic mobility, environmental 
response and physical functionality, leading to novel applications with 
inherently spatial implications. 

The term robotics and autonomous systems (RAS) is used in engi-
neering to reflect the related but separate domains of robotics and 
automation. Robots are programmable machines which interact with 
the physical world via sensors and actuators, with varying degrees of 
human control or autonomy, increasingly enhanced by machine vision 
and AI, while automation refers to the capability of machines more 
generally to carry out tasks with minimal or no intervention from 
humans in the process. It is the blending of these different elements to 
produce new functional capacities which we contend is of critical 
importance to the new geographies of automation, which must, as Del 
Casino (2020) et al argue, “take up the theoretical and political impli-
cations of the hardware/software matrix and what it means for human 
and more-than-human bodies and relations” (p. 607). 

Crucially, the integration of robotics, which is about machines 
engaging and acting in the material environment, adds a distinctive 
dimension and pushes beyond the existing boundaries of digital 
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geographies research. Navigation, perception, movement and manipu-
lation are key to new robotic capabilities (Royakkers & van Est 2015, p. 
8). This is not to separate and give primacy to physical robots over 
digital hardware and software. Automation technologies are deeply 
embedded in what Elliott (2017, p. 25) calls a “new protocological 
infrastructure” which collects, sorts, circulates and acts upon vast 
quantities of digital information. Robotic capacities depend on rapid and 
large-scale data processing, machine learning and decision-making al-
gorithms which enable rationalisation of and response to dynamic ma-
terial environments. What is central to the new geographies of 
automation is the building out and embodiment of digital infrastructures 
with “senses and hands and feet” (Royakkers & van Est 2015, p. 25) 
across a range of domains, and extends beyond information circuits to 
encompass a new set of relationships between humans, space and their 
environment. 

Yet compared to the growing focus on the new geographies of 
automation, work that considers how automation technologies are 
reshaping societal relations with nature remains less developed. To 
advance this area as a distinct field of research, we introduce the notion 
of ‘new ecologies of automation’, which synthesises insights from the 
growing field of digital environmental geography – encompassing a 
range of research on ‘Smart Earth’ technologies, ‘digital ecologies’, 
‘data-driven’ and ‘algorithmic’ forms of environmental governance – 

with an emerging but fragmented landscape of research work on envi-
ronmental robotics. Research in digital environmental geography has 
primarily focused on how the hardware and software of advanced digital 
infrastructure is enabling new ways of seeing and knowing the bio-
physical world, and their implications for environmental governance (e. 
g. Bakker and Ritts, 2018; Gabrys, 2016; Machen and Nost, 2021; 
Turnbull et al., 2022). However, research on environmental robotics 
including conceptual design, real-world testing and commercial appli-
cations suggests the increasingly widespread use of automation tech-
nologies that purposefully engage with and materially alter the 
biophysical environment (e.g. Braverman, 2019; Nimmo, 2022; van 
Wynsberghe and Donhauser, 2018), in ways that digital environmental 
geographies literature has yet to fully explore. 

In order to conceptualise the movement from extended ways of 
knowing to novel forms of material agency, we draw on theoretical 
development in landscape architecture. In their work on responsive 
landscapes, Cantrell and Holzman (2015) argue the capacities of 
emerging, bundled technology platforms enable qualitatively new ways 
of manipulating complex and indeterminate landscape processes. What 
they call ‘responsive technologies’ provide the infrastructural capacities 
to sense, process and actuate (bio)physical change within selected 
landscapes, and potentially alter and remake environmental conditions 
by design. Responsive technologies enable “the transformation of sensed 
and processed data into a form of physical or virtual action … where the 
field in which sensing is taking place is being modified or acted upon” 

(2015: 23). This, we argue, represents a new kind of material agency 
within biophysical systems and landscapes. We use the terms RAS and 
automation technologies rather than responsive technologies to explore 
the emerging technology platforms that blend new forms of remote or 
autonomous mobility, real-time and predictive data analytics and 
physical functionality. Our emphasis is the ecosystemic interweaving of 
hardware and software, material and digital, social, technological and 
natural worlds in what we call the new ecologies of automation. 
Furthermore, we conceptualise new ecologies of automation through 
novel capacities for seeing, knowing, acting in and altering nature. 

2.1. Seeing and knowing nature 

A central premise in literature on digital environmental geographies 
is the accelerating speed, scale and significance of environmental 
datafication. Contemporary datafication hinges on the falling costs and 
growing sophistication of the hardware and software that Bakker and 
Ritts (2018) call Smart Earth technologies. Analogous to the Smart City, 

the expansion of this networked infrastructure of diverse sensing and 
monitoring devices and techniques, together with growing cloud-based 
storage and computational capacities for processing information has 
dramatically increased the scope of collecting, aggregating and utilising 
environmental ‘big data’. Growing abundance of data is in turn 
enhancing scientific abilities to assess spatial–temporal changes and 
understand innumerable biotic and abiotic processes. By rendering these 
highly complex biophysical processes and society’s relationship with 
them legible in new ways, Smart Earth technologies are also providing 
opportunities for novel kinds of environmental governance, manage-
ment and intervention by different state, capitalist and other social 
interests. 

Automation technologies play an important role in this process 
(Adams, 2019; Dauvergne, 2020; Thayyil, 2018). With varying degrees 
of human oversight, algorithmic code, AI and machine learning plat-
forms are employed to detect and identify particular environmental 
entities, features and phenomena, and digitally classify, filter, sort and 
aggregate sensed environmental data. Greater computational power for 
processing data is key to rendering the biophysical world ‘programma-
ble’ (Gabrys, 2016) and malleable to new forms of virtual modelling and 
simulation. Growing sophistication of algorithmic techniques is 
advancing novel ways of analysing and forecasting complex processes of 
environmental change, while isolating the influence of particular social 
and environmental variables. As research has shown, these socio- 
technical systems are increasingly important in various modes of 
adaptive and anticipatory governance, real-time regulation, automated 
decision-making and ‘precision’ techniques of natural resource man-
agement and climate governance (Bakker and Ritts, 2018; Turnbull 
et al., 2022). As Machen and Nost (2021) argue with respect to climate 
governance, ‘thinking algorithmically’ is becoming hegemonic as a way 
of knowing socio-environmental processes, shaping policies and prac-
tices, in ways that crowd out alternative forms of knowledge and 
degrade democratic politics of ecology. 

The gradual incorporation of robotics into the socio-technical as-
semblages of extended and intensified environmental datafication and 
knowledge production is a growing feature of this literature. The use of 
autonomous and remote-operated vehicles, drones and robots as mobile 
environmental sensors is increasingly prevalent in domains such as deep 
sea exploration (Lehman, 2018), farming (Carolan, 2020; Klauser, 
2018), fishing (Toonen and Bush, 2020), forestry (Gabrys, 2020) and 
conservation (Adams, 2019). Advances in field robotics and machine 
vision are augmenting capacities to map, survey and monitor biophys-
ical processes with additional spatial reach and flexibility, especially in 
extreme environments and places otherwise too remote or costly for 
sustained human presence. However, consideration of the robotic ele-
ments of Smart Earth systems is usually limited to their augmentative 
role in environmental datafication, integrated into existing frameworks 
of digital environmental geographies which focus on forms of repre-
sentation over material agency. Less frequently attended to are the 
emerging capacities of automation technologies to materially interact 
with, manipulate and alter their (bio)physical environments. 

2.2. Acting in and altering nature 

There is emerging if fragmented research in this field (e.g. Braver-
man, 2019; Cantrell et al., 2017; Elliott, 2016; Gulsrud et al., 2018; 
Lockhart and Marvin, 2020; Nimmo, 2022; van Wynsberghe and Don-
hauser, 2018). Although this work is often focused on more experi-
mental and speculative applications, it is broadly interested in how RAS 
are already being used in more direct and deliberate forms of biophys-
ical and socio-material intervention. Actuation is the key element of 
Cantrell and Holzman’s (2015) notion of responsive landscapes that 
signals a shift from extended ways of knowing to novel forms of material 
agency. They write about the growing and potential use of “responsive 
technologies and computation in ecological systems” (p. 5) and consider 
the possible applications and implications of autonomous systems able 
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to “render, regulate, control, and automate environments” (p. 25). 
Although Cantrell and Holzman’s work is largely speculative in nature, 
Gulsrud et al (2018) note how automation technologies are increasingly 
mobilised to contribute “to the biophysical cultivation and maintenance 
of landscapes, from forestry and agriculture to conservation monitoring 
and management” (p. 86). We identify three features from this literature 
which help us conceptualise how automation technologies are already 
facilitating new ways of acting in and altering nature. 

The first is about how remote operation and robotic mobility are 
transforming spatial relations and constituting new sites of environ-
mental intervention. In existing landscapes of production and manage-
ment, automation technologies offer the potential for intensifying the 
speed and scale of action, as Elliott (2016) discusses in his review of 
efforts to develop drones and robots to assist large-scale tropical forest 
regeneration through automated seeding and weeding. Furthermore, 
advances in field robotics mean aerial, terrestrial, subterranean and 
aquatic vehicles are increasingly able to navigate and function in loca-
tions where it is impractical, dangerous or costly for humans to operate, 
augmenting and extending capacities for interventions in places such as 
the deep ocean (Braverman, 2019). 

The second is about functionality. In domains such as farming, 
mining and ecological restoration and management, robotic technolo-
gies are being developed to manipulate the biophysical environment 
around them. The emphasis is often on enhancing the degree of control, 
precision or efficiency of interventions through mechanisation and 
automation of tasks such as digging, picking, planting, spraying, 
injecting, heating, cooling, mixing, transporting and so on. There are a 
growing range of contexts where robotic capabilities and infrastructures 
are being configured to undertake specific biophysical processes within 
a larger ecosystem. Van Wynsberghe and Donhauser (2018) use the term 
‘ecobots’ to describe robots designed to play specific ecological roles 
such as that of proxy predator. Nimmo (2022) examines ongoing in-
vestment, research and development of ‘robotic pollination’ as ecolog-
ical substitute which seeks to replace the agro-economic functions of 
pollination ecologies decimated by industrial agriculture. Braverman 
(2019) meanwhile shows how robotic technologies are enabling new 
forms of invasive species control and coral reef repair, and are central to 
an emerging biopolitics of ‘making die’ and ‘making live’ in deep sea 
ecologies. 

The third feature pertains to the bundling of these multiple capacities 
in ways that extend autonomous robotic engagement with the bio-
physical world. Cantrell et al (2017) develop the concept of an auton-
omous ‘wildness creator’ based on a “deep learning computing system 
that controls a physical infrastructure that can sense and manipulate the 
environment and interact with organisms” (p. 163). Although such a 
holistic system may be hypothetical, they observe that semi-autonomous 
technologies are already being widely embraced in conservation and 
restoration efforts. With technological developments in this area 
advancing, Cantrell et al (2017) ask what the prospect of the ‘machine as 
gardener’ – or more algorithmic ways of acting – might mean for social 
relations with nature and the role of the human in new socio- 
technological-ecological configurations. 

In summary, conceptualising the new ecologies of automation helps 
us understand emerging algorithmic techniques which enable new ways 
of seeing, knowing, acting in and altering nature. Nevertheless, the 
growing variety of processes, projects and issues highlighted have not 
yet been explored in any systematic manner. Such work is vital, and we 
propose three questions for taking this agenda forward. First, there is the 
importance of understanding where and why automation technologies 
are being operationalised into new systems of action and engagement 
with nature. What social interests are involved and what are the 
particular ecological problems, contexts and logics of intervention in 
each case? Second, there is a need to unpack the scope and scale of new 
robotic capabilities. This means identifying what biophysical functions 
these systems are able to undertake, their transformative power and the 
different technical, economic and ecological limits to their application in 

the present and future. Third, research needs to explore the social and 
ecological implications of these novel socio-technological-ecological 
configurations. What sorts of ecologies are being produced and whose 
interests do they serve? Who and what will be protected, empowered or 
sacrificed, and how might these emerging socio-technical in-
frastructures, projects, programmes and practices be governed? In the 
following section, we address these questions to a range of real-world 
examples. 

3. Operational Ecologies 

In this section, we introduce the concept of operational ecologies to 
help frame and understand variation, logics and impacts of new ecolo-
gies of automation. Combining urban and landscape architecture theory 
and political ecology, operational ecologies provides a way of thinking 
about the ‘new ecologies of automation’ which brings together its 
geographical, socio-technical and ecological dimensions. Operational 
ecologies denote emerging and experimental sites of environmental 
enclosure, control, intervention and exploitation, enabled by the ca-
pacities of automation technologies, designed to fix, manage or tran-
scend contemporary environmental turbulence. Operational ecologies 
draws first on Brenner and Schmid’s notion of operational landscapes in 
urban theory: the historical and geographical transformation and 
operationalisation of erstwhile countryside “in support of, or as a 
consequence of, the everyday operations and … most basic socio- 
metabolic imperatives … including the massive, highly regularized in-
puts (of labor, materials, food, water, energy, commodities, information 
and so forth)” associated with urban growth (Brenner and Schmid, 2015: 
167). 

More recently, Brenner and Katsikis (2020) have made explicit links 
between operational landscapes and Moore’s (2015) notion of capital-
ism’s reliance on ‘cheap nature’ through commodity frontiers – that is, 
urban hinterland zones as sites operationalised as ‘taps and sinks’ for the 
continued and extended provision of material inputs and ecological 
processes needed for planetary urbanisation. In this newer work, they 
describe operational landscapes as zones “transformed into configura-
tions of large-scale territorial ecological machinery: mechanised as-
semblages of human and nonhuman infrastructure oriented towards 
capital accumulation within a planet-encompassing profit-matrix” 

(Brenner and Katsikis, 2020: 28). It is this more recent work that we find 
particularly useful, which we combine with Nimmo’s (2021) insights 
into the attempted use of robotics as capital intensive replacement for 
the ecological functions of cheap nature. Our term, operational ecologies, 
emphasises technologically mediated interventions in site-specific 
ecological and biophysical processes and resources needed to maintain 
social and economic reproduction, while decentring the distinctly (non) 
urban spatiality of operational landscapes. 

In this section we explore exemplars of the new ecologies of auto-
mation, grouped as operational ecologies configured for: (i) opening 
new frontier ecologies; (ii) control and intensification of existing ecol-
ogies; and (iii) replicating ecological functions (Table 1). This approach 
helps us think more precisely about the site-specific design and inte-
gration of automation technologies in emerging operational ecologies 
and what they might mean for societal responses to environmental 
turbulence and the reshaping of nature-society relations. Central to the 
examples explored is our emphasis on ‘going beyond the digital’ to 
explore how ecological relations are being reworked through the com-
bination of the machinic/robotic and algorithmic dimensions of auto-
mation technologies. Our focus is on why automation technologies are 
being applied, identifying the biophysical processes interventions being 
undertaken by robots and unpacking the claims surrounding these in-
terventions and experiments. 

3.1. Opening new frontier ecologies 

Technological revolutions have always played a key role in frontier- 

A. Lockhart et al.                                                                                                                                                                                                                               



Geoforum 145 (2023) 103825

5

making projects, rendering new geographies legible and controllable, as 
well as operationalising new circuits of natural resource appropriation 
and commodification (Moore 2015). Automation technologies are cen-
tral in efforts to constitute new productive environments, including in 
settings previously too difficult, remote or inhospitable for in situ human 
labour. Within the New Space Race for instance, ongoing advances and 
potential capabilities of space robotics sit at the heart of a range of vi-
sions, investment programmes and missions designed to explore, oper-
ationalise and ultimately exploit extra-terrestrial resources (Lockhart 
et al., 2021). Closer to home, constraints on conventional mining, 
growing demand and struggles for control of ‘strategic’ metals and 
minerals have all contributed to renewed interest in commercial seabed 
mining in recent years (Childs, 2018). Although commercially un-
proven, this has driven considerable experimentation and investment in 
underwater mining robots, such as those developed by (the now 
defunct) Nautilus Minerals, designed to and advance a viable extractive 
infrastructure in the extreme environment of the ocean floor (see e.g. 
Bogue, 2015). 

In the realm of marine cultivation, advances in robotics are creating 
new opportunities to operationalise offshore environments for com-
mercial kelp farming as a seaweed-based biofuel (Buck 2019). 
Commercially viable production would require vast amounts of land and 
is considered unsuitable for coastal areas where kelp naturally grows. 
Floating offshore farms have been proposed as one possible solution. In 
the US, Marine BioEnergy Inc – supported by the government-funded 
MARINER programme – has been experimenting with “low-cost under-
water drones to tow farms of kelp in the open ocean, diving to depths to 
absorb nutrients [at night] and surfacing to absorb sunlight” (Marine 
BioEnergy, n.d.). This mobility sits beneath plans for the farms to be 
moved into deeper waters to avoid storms and passing ships, and 
transported to scheduled rendezvous points for regular harvesting. The 
Marine BioEnergy project relies on the growing affordability of under-
water drones, which, while bespoke in design, can be assembled with 
off-the-shelf materials and systems. Connected to shipping and weather 
forecasting systems, the vision is of a robotically enabled, resilient 
farming infrastructure that can respond to a complex ocean environ-
ment, with automated and remote operability minimising labour costs 

and the need for dangerous work. The diverse kinetic capacities of these 
aquatic robots – including their vertical mobilities – would operation-
alise remote offshore seascapes as sites of ‘low-impact’ biofuel 
production. 

In the controlled environment agriculture (CEA) sector, automation 
technologies have become increasingly important in the configuration of 
large-scale, indoor environments as frontiers of intensive commercial 
food production (Cambridge Consultants, 2019). For more than a 
decade, CEA has been positioned as a key opportunity for achieving food 
security, by operationalising new, protected spaces for agricultural 
production in an era of climatic turbulence and land degradation (Benke 
and Tomkins, 2017). Prior to the global pandemic, the sector was fuelled 
by a boom in venture capital funding and experimentation. By some 
estimates, the global market is already worth $15.7bn, and forecast to 
grow to $31.1bn by 2027 (EIT Food North-West and Innovate UK, 
2022). Leading CEA firm Aerofarms claims to monitor “millions of data 
points” throughout their facilities through connected environmental 
sensors and machine vision (Aerofarms, n.d.). Predictive analytics and 
algorithms integrated into each step of the plant growth cycle, used to 
adjust growing conditions through automated HVAC, precision water, 
nutrients and oxygen delivery systems, and customisable LEDs which 
vary the spectrum, intensity and frequency of lighting for photosyn-
thesis. The company’s modular technology platform combines ways of 
understanding, controlling and optimising an indoor growing ecology 
which it claims facilitates dramatically higher levels of resource effi-
ciency and productivity compared to conventional farming. In some 
senses, CEA is envisioned as breaking free of the natural limits of land 
productivity, applicable in spatial contexts otherwise impossible to 
cultivate. Yet despite significant hype and numerous operational sites 
across the world, rising costs – especially associated with the sector’s 
very high energy inputs – is likely to limit CEA’s commercial viability 
beyond a few niche cases (Reynolds, 2022). 

3.2. Control and intensification of existing ecologies 

If automation technologies are helping establish new frontiers, they 
are also being mobilised to intensify control or ‘sweating’ of degraded 
environmental conditions and ecologies. This includes a range of 
experimental robotic systems for managing extreme weather (BBC, 
2021; Sky News, 2022), controlling spread of infectious diseases 
(Peckham and Sinha, 2019; Tirado and Cano, 2020), and clearing waste 
from river and ocean environments (McNabb, 2022; Quaglia, 2022). 
Robotics are already finding commercial applications in productive 
sectors such as farming, forestry and mining, where a mixture of 
resource exhaustion, environmental stressors and diminishing labour 
supply threaten long-term profitability (Carolan, 2020; Ellem, 2016; 
Mohan et al., 2021; Rogers et al., 2019; Stock and Gardezi, 2021). 

In the forestry sector, resources are under growing pressure from 
climate change and increased risk of forest fires, as well as long-term 
deforestation. In response, forest management and reforestation for 
carbon sequestration and other ‘ecosystem service’ provision have risen 
up the agenda. In this context, robotic systems are being developed to 
carry out a range of tasks, from automating surveys to detecting and 
managing forest fires to carrying out mass tree planting (Gabrys, 2020; 
Robinson et al., 2022). Gabrys explores how combinations of robots, 
sensors, AI and data analytics being used in ‘smart’ forests, which not 
only assist with forest management, but help transform forests “into 
entities that are meant to operate as technologies” (2020: 7). The 
Estonian autonomous tank manufacturer Milrem Robotics (n.d.) mean-
while has developed a system of robotic foresters, which it claims can 
plant a hectare of trees in less than six hours. The vehicles can traverse 
difficult terrain, with modular systems able to build 3D images of 
planting areas, prepare the ground, plant, log the location and even 
prune new trees. The use of drones to aid reforestation programmes is 
also proliferating. Start-ups around the world such as Flash Forest in 
Canada and Seedcopter in India offer a range of drone reforestation 

Table 1 
Operational Ecologies: Frontiers, Intensifications, Replications.  

Configuration New frontier 
ecologies 

Managing 
existing ecologies 

Replicating 
ecological 
functions 

Underlying 
Logic 

Productive 
exploitation of 
remote, 
inaccessible, 
dangerous or 
‘underused’ 

ecologies. 

Intensified 
‘sweating’ of 
stressed ecologies 
and management 
of problematic 
ecologies. 

Managing 
threatened 
ecologies through 
selective 
replication or 
replacement of 
key ecological 
functions. 

New / 
Enhanced 
Capacities 

Extended and 
automated 
capabilities to 
operate remotely 
and semi- 
autonomously in 
new and remote 
spatial and 
ecological 
contexts. 

Growing speed, 
range and 
efficiency of 
robotic mobilities 
combined with 
‘precision’ forms of 
manipulation, 
control and 
productive 
intervention. 

Sophisticated 
forms of robotic 
biomimicry and 
fine-grain 
interventions in 
animal and plant 
lifecycles and 
systems. 

Exemplars Mining in extreme 
ocean and off- 
world 
environments, 
offshore kelp 
farming, controlled 
environment 
agriculture. 

Forestry, 
conventional 
agriculture, waste 
management, 
weather 
modification, 
epidemiology. 

Invasive species 
management, 
conservation, crop 
pollination.  
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services, promising rapid and precision aerial seeding capabilities over 
large spatial scales, despite limited evidence of its effectiveness (Castro 
et al., 2023). 

Weather modification is another domain where automation tech-
nologies are being increasingly tested. Cloud seeding as a technique for 
inducing localised rainfall has a long history, but is attracting growing 
interest as a way of managing more frequent and extreme periods of hot 
weather and water shortages, especially in semi-arid regions such as the 
Middle East (BBC, 2021; Knowles and Skidmore, 2019). This has spurred 
new investment and experimentation in the design and testing of auto-
mation technologies which integrate new forms of real-time monitoring 
and prediction with the use of drones (DeFelice and Axisa, 2017). In late 
January 2016, for instance, an industry-research partnership in Nevada 
successfully tested the “first-ever autonomous cloud seeding aircraft 
platform” using a multi-rotor drone. This was designed to respond to a 
particular problem with existing techniques: the need to undertake 
“precise targeting of suitable clouds” (DeFelice and Axisa, 2017: 173). 
The platform provides the capacity for autonomous, real-time moni-
toring of meteorological conditions most conducive to cloud seeding to 
improve the efficiency of weather modification activities. It also affords 
novel payload capabilities to inject the cloud-seeding medium directly 
into the targeted clouds. Compared with conventional aircraft, the 
proposition is that autonomous drone systems could significantly reduce 
operational costs while extending the potential for expanding rainfall 
enhancement in “water stressed regions with limited infrastructure” 

(DeFelice and Axisa, 2017: 174). In this case, the claim is that auto-
mation technologies are being used to know and intervene in precipi-
tation processes with increased precision. Whether these advances are 
realised or not, cloud seeding remains controversial, both in its efficacy 
and possible environmental impacts, but also as a form of atmospheric 
resource grabbing and operationalisation to protect particular regions 
and populations (Rubin and Denton, 2022). 

Applications in epidemiology reflect a similar extension of existing 
modes of control. These include operational ecologies which incorporate 
and augment disease-carrying species in automated technology systems, 
configured in various ways for knowing and intervening in disease 
ecologies. The Microsoft Premonition Project has developed and tested a 
system of drone-deployed smart traps, genome sequencing and artificial 
intelligence to capture mosquitos and “detect the presence and move-
ment of vector-borne diseases and predict outbreaks before they spill 
over into human populations” (Peckham and Sinha, 2019: 1207). As part 
of a system that Tirado and Cano describe as “automat[ing] field 
biology” (2020: 126), living mosquitos are operationalised as part of a 
socio-technological-ecological configuration which extends the scope of 
disease monitoring, forecasting and governance. Automation technolo-
gies are also being mobilised in various kinds of direct intervention, 
often operationalising volumetric space. ‘Precision spraying’ of 
mosquitos with drones has become common in recent years, as a way of 
lowering costs and increasing efficiencies of disease management 
(Amenyo et al., 2014; Mechan et al., 2023). The Moscamed Programme 
meanwhile, active in the Brazilian city of Juazeiro city since 2005, has 
developed a “fully automated adult mosquito release system” operated 
from a drone to enable the homogenous dispersal of a sterile male 
mosquitos (Bouyer at all 2020p. 1). The sterile males compete with wild 
males to induce sterility in the native female population. Although this 
technique has been possible for decades, releasing mosquitos from the 
ground is logistically challenging, and using vehicles or conventional 
aircraft has proved too expensive. By improving areal coverage while 
reducing the number of required release sites and field staff, it was 
claimed that operational costs could be cut from $20 per hectare for 
ground release to just $1 per hectare using drones (Bouyer et al., 2020). 
In these examples, mosquitos, drones, data analytics and algorithmic 
management have been operationalised in novel combination for 
intensifying control over disease ecologies and risk. 

3.3. Replicating ecological functions 

A final area of experimentation is in the replacement and augmen-
tation of ecological functions with drones, robotic animals, insects and 
other forms of biomimicry. In this emerging field there are numerous 
examples of automation technologies or ‘ecobots’ (van Wynsberghe and 
Donhauser, 2018) being envisioned and configured in ways to maintain, 
restore or produce particular biophysical dynamics against a backdrop 
of ecological breakdown. From drones to autonomous underwater ve-
hicles to robotic sloths, bees and fish, automation technologies are being 
developed and used for monitoring environmental change and behav-
iour, invasive species control and to mitigate species decline (Egerstedt, 
2021; Marris, 2019; Morley et al., 2017; Nimmo, 2022; Polverino et al., 
2022; Shields et al., 2019; Wang et al., 2021). Although intentional 
human interventions in ecosystems are nothing new in fields such as 
conservation biology, through selective culling and various kinds of 
(sometimes fine-grain) ecological engineering, roboticisation poten-
tially opens up distinctive forms of techno-ecological hybridisation. 

A key application of ecobots is as artificial predators to control 
‘problematic’ species. Drones are being widely used to detect and cull 
rats, possums, stoats and ravens in hard-to-reach places through the 
‘precision’ laying of poison or oiling of eggs. Robotic augmentation often 
follows familiar patterns of extension, intensification and the emergence 
of semi-autonomous capabilities. In the case of Crown-of-Thorns star-
fish, which threaten the coral of the Great Barrier Reef, population 
control has routinely been carried out by human divers. In recent years, 
conservationists have tested the underwater COTSbot and OceanOne 
humanoid robot which use machine vision, image processing algorithms 
and robotic arms to monitor and respond to ocean conditions while 
identifying and poisoning the invasive species on the seafloor. Part of the 
rationale for robotic ecological management is the replacement of what 
is a dangerous, time-consuming and expensive labour process with 
machines. While unable to address wider structural causes of ecosystem 
decline, conservationists hope that these systems may be able to operate 
more efficiently and productively than human divers over the longer 
term, slowing the process of degradation (Braverman, 2019). 

In agriculture, projects have been underway for many years to 
develop new forms of artificial pollination in response to the threat of 
the continued catastrophic decline of bee colonies and other wild insect 
pollinators. Nimmo (2022) details programmes experimenting with 
small drones and ground-based BrambleBee robots designed to remotely 
or autonomously pollinate certain crops, as well as insect-inspired 
micro-robots such as the Delft University of Technology’s DelFly and 
Harvard Microrobotics Lab’s RoboBee. For Nimmo, the direction of 
research shows a clear aspiration “to reach the stage where it is feasible 
to mass-produce large autonomous swarms of robotic drones of insect 
size or smaller, with on-board sensors and information processing, 
capable of navigating their environment and coordinating their actions 
in order to carry out tasks such as pollination at scale” (2022: 431). As 
Nimmo shows, research and investment into robotic pollinators exem-
plify efforts to engineer hybrid ecologies around a particular set of 
utilitarian goals and profit-driven technological imaginaries. This is not 
only about operationalising new technology-based pollination ecolo-
gies, but sustaining the structure and relations of intensive agribusiness 
which is largely responsible for dramatic biodiversity loss. As such, it sits 
within the broader field of precision agriculture, a domain where digital 
and robotic technologies and the data produced are entrenching 
corporate control and rentiership in the industrial food system, and have 
become sites of growing resistance (e.g. ETC Group, 2022; Klauser, 
2018; Stock and Gardezi, 2021). 

The examples highlighted above demonstrate how new ways of 
seeing and knowing ecologies are being combined with robotic forms of 
action and intervention in the biophysical world. Automation and ro-
botics are being used to extend logics of digitisation and mechanisation 
into new domains of environment-making activity, while reworking the 
configurations, spatio-temporal rhythms and boundaries between 
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human, technological and ecological systems. As we have shown, the 
logic is often about engineering and operationalising new ecologies of 
automating as strategies for managed decline, selective adaptation or 
reconfigured forms of extraction in contexts of environmental turbu-
lence. Although much of this activity remains niche or even speculative 
in nature, increasingly widespread experimentation and investment 
across multiple domains has potentially very serious implications for 
people and nature, and calls for a deeper and more systematic empirical 
research. 

4. RAS and the re-engineering of nature? 

The previous section shows the active and diverse landscape of 
operational ecologies where automation technologies are being devel-
oped, trialled and used. Drawing on our conceptual development in the 
first half of the paper, we suggest three sets of issues and questions to 
highlight what is at stake in the new ecologies of automation which 
should be of particular interest to critical geographers. 

The first considers the socio-natural logics at play across different 
operational ecologies. To what extent are emerging uses of automation 
technologies part of a shift towards – in Nicholson and Reynolds’ (2020) 
language – ‘intentional’ altering of basic biophysical conditions and 
processes? In one sense, new ecologies of automation reflect long- 
running trends of mechanisation and rising capital intensity in the 
web of life, driven by the engine of accumulation (Moore, 2015). Yet the 
eco-technics of automation technologies potentially afford new forms of 
environmental intervention. A key question is whether operational 
ecologies constitute something qualitatively new in the mediation of 
socio-natural relations. In many cases, the key logic appears primarily 
productivist and adaptive. These operational ecologies revolve around 
resource efficiency and precision techniques for ‘sweating’ the produc-
tive forces of nature and the roboticised intensification of various kinds 
of ecological intervention or restoration. In others, operational ecologies 
take on infrastructural characteristics (Barua, 2021; Lockhart and Mar-
vin, 2020), with automation technologies configured for (re)active 
control or ‘direct action’ (Tirado and Cano, 2020) to manage or protect 
against turbulent ecologies such as extreme weather. Some are distinc-
tive as frontier-making projects which push against a logic of limits, by 
opening and remaking previously inaccessible or unprofitable environ-
ments as sites of resource extraction or ecological action. In others, 
‘engineering nature to save it’ seems particularly fitting. Automation 
technologies are being configured to replace or augment specific func-
tions within an ecosystem to conserve its wider value in the face of long- 
term degradation and rising environmental threats (Braverman, 2019). 

A second important set of issues concerns patterns of variation and 
how new ecologies of automation are being constituted in different 
geographical contexts. The rolling out of operational ecologies is not 
unproblematic, nor based on a unified or coherent set of priorities. 
Different interests are seeking to construct particular socio-technical 
visions of the future, reflecting investment priorities, economic condi-
tions, pre-existing laws, regulations, expertise and practices, which will 
shape processes of experimentation, technological development and 
selective application (Braverman, 2019; Nimmo, 2022). As noted, much 
of the activity reviewed is experimental and speculative, and the new 
ecologies of automation are awash with hype and unrealisable claims. It 
is important to guard against an uncritical reproduction of techo- 
solutionist claims (Morozov, 2014) or what has been described as 
‘criti-hype’ (Vinsel, 2021). The end of ultra-low interest rates which 
sustained patterns of investment after the Great Recession will prove one 
corrective to the many outlandish visions involving automated tech-
nologies which proliferated in this period. Yet this is likely to see a 
reconfiguration of the interests shaping technological investment and 
experimentation, rather than its end. Operational ecologies are already 
sites of significant struggle, especially where socio-technical visions 
translate to more material claims over environments and resources and 
new rent-seeking regimes. The emerging landscape of operational 

ecologies suggests the importance of particular domains, such as agri-
culture, forestry and conservation, ocean management and exploitation, 
environmental control, mining, waste and disease management. Beyond 
political economic questions, the materialities of different ecological 
contexts will shape the variegated configuration of operational ecologies 
and the bundling of eco-technical capacities and robotics in particular 
environments. Mapping and understanding what, by whom and how 
socio-spatial and ecological selectivity are being driven by will be a key 
area of future research. 

Third, the new ecologies of automation raise profound questions 
about the nature, scale and implications of novel interventions in the 
nonhuman world. As Gabrys (2020: 2) points out, environments have 
increasingly become ‘technologized’ sites of data production, processing 
and analysis, and asks in what ways they are “generat[ing] different 
practices and ontologies for addressing environmental change”. Turn-
bull and Searle similarly highlight how “digital entanglement produces 
forms of biopower that enrol individual nonhumans and ecologies into 
environmental governance in novel ways” and ask “how best to govern 
these emerging technologies which inaugurate a host of underexplored 
ethical challenges concerning human and nonhuman life” (2022: 18). 
Reframed beyond the digital, what ‘new’ natures and cyborg ecologies 
are being envisioned and experimented with through the capacities of 
automation technologies? How will they be governed and regulated? 
Who and what (human and nonhuman) will be protected and sacrificed 
– and to whose benefit and cost? To what extent do they risk obscuring 
structural causes of converging crises, while ceding greater power and 
control of collective ecological futures to corporate technology in-
terests? A decade ago Grémillet et al observed a decade ago that “it is 
both striking and worrying that robotic developments [in ecology] are 
moving far ahead of law and ethics” (2012: 55). While again cautioning 
against uncritical propagation techno-solutionist claims, robotic 
augmentation and replacement have the potential to alter the balance of 
ecosystems in intended and unintended ways, as has been the case with 
the impacts of the globalised spread of non-indigenous plants, animals 
and diseases. While the introduction of genetically modified organisms 
and crops has been debated politically and in public, there has so far 
been limited discussion about the hybrid ecologies that are fast 
emerging and often sanctioned by a sense of urgency and crisis – ahead 
of democratic controls, regulatory capacity and expertise. 

5. Conclusion 

Climate/ecological breakdown and automation have become 
defining challenges of the present era, yet there remains little research 
on how they intersect and with what implications. There is a growing 
critical literature on digital environmental geographies which covers 
aspects of automation, but we have emphasised the importance of the 
bundling of novel forms of robotic capability as an area that has received 
less critical attention. We have highlighted the multiplicity of contexts in 
which automation technologies are being mobilised to intervene in 
various biophysical and socio-metabolic processes, often presented as 
technological solutions and with claims of intentionally managing and 
remaking ecological conditions. 

Research has begun to explore these issues but remains largely 
fragmented across different academic disciplines, domains and ecologies 
of application. This paper makes a distinctive contribution by taking 
stock of this fast-developing field and provides a framework for under-
standing emerging ecologies of automation and their implications for 
ecology and society. Our approach focuses on the drivers of automation 
and experimentation in specific contexts, the enhanced functional ca-
pacities and affordances of automation technologies in operationalising 
particular ecologies, and the claims surrounding them. We have 
furthermore drawn attention to various distinctive logics of operational 
ecologies, including new ecological frontier-making, intensifying con-
trol and productive management of existing ecologies and maintaining 
or conserving threatened ecologies. While the new ecologies of 
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automation are already sites of contestation and struggle, dominant 
themes already point towards extending the power of humans and 
capital to appropriate and exploit nature, while displacing socio- 
ecological problems to other geographies and into the future. 

The paper has identified and brought together the work of currently 
highly dispersed researchers and developers who are focused on 
experimenting and learning from robotics and autonomous systems that 
aim to intervene in biophysical processes. We have suggested three sets 
of issues which future research might critically engage. First, to attend to 
the variety of socio-natural logics at play across different operational 
ecologies. Second, to explore patterns and understand how and why new 
ecologies of automation are being developed in particular domains and 
geographical contexts. And third to comparatively explore the longer- 
term implications of these emerging configurations and how these 
may fundamentally reshape the relations between humans, nature and 
technology. 

Funding 

British Academy Grant number: KF1\100069; ESRC Grant number: 
ES/W010542/1. 

Author contributions 

All authors shared in the conceptualization, investigation, analysis, 
writing, reviewing and editing of the original draft and final version. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

No data was used for the research described in the article. 

References 
Adams, W.M., 2019. Geographies of conservation II: Technology, surveillance and 

conservation by algorithm. Prog. Hum. Geogr. 43 (2), 337–350. https://doi.org/ 
10.1177/0309132517740220. 

Aerofarms, n.d. How We Grow. Available at: https://www.aerofarms.com/how-we-grow 
/ (accessed 8 April 2021). 

Amenyo, J.-T., Phelps, D., Oladipo, O., et al., 2014. MedizDroids Project: Ultra-low cost, 
low-altitude, affordable and sustainable UAV multicopter drones for mosquito vector 
control in malaria disease management. In: IEEE Global Humanitarian Technology 
Conference (GHTC 2014), October 2014, pp. 590–596. DOI: 10.1109/ 
GHTC.2014.6970343. 

Bakker, K., Ritts, M., 2018. Smart Earth: A meta-review and implications for 
environmental governance. Glob. Environ. Chang. 52, 201–211. https://doi.org/ 
10.1016/j.gloenvcha.2018.07.011. 

Barua, M., 2021. Infrastructure and non-human life: A wider ontology. Progr. Human 
Geogr. 45(6). SAGE Publications Ltd: 1467–1489. DOI: 10.1177/ 
0309132521991220. 

BBC, 2021. UAE to test cloud-busting drones to boost rainfall. Available at: https://www. 
bbc.com/news/technology-56428984 (accessed 22 February 2023). 

Benke, K., Tomkins, B., 2017. Farming and Controlled-Environment Agriculture. 
Sustainability: Science, Practice and Policy 13, 13–26. https://doi.org/10.1080/ 
15487733.2017.1394054. 

Bogue, R., 2015. Underwater robots: a review of technologies and applications. Ind. 
Robot: Int. J. 42 (3), 186–191. https://doi.org/10.1108/IR-01-2015-0010. 

Bouyer, J., Culbert, N.J., Dicko, A.H., et al., 2020. Field performance of sterile male 
mosquitoes released from an uncrewed aerial vehicle. Sci. Robot. 5(43). Science 
Robotics. DOI: 10.1126/scirobotics.aba6251. 

Braverman, I., 2019. Robotic Life in the Deep Sea. In: Braverman I and Johnson ER (eds) 
Blue Legalities: The Life and Laws of the Sea. Duke University Press, Durham NC, pp. 
147–164. Available at: https://read.dukeupress.edu/books/book/2646/chapter/1 
766111/Robotic-Life-in-the-Deep-Sea (accessed 14 May 2021). 

Brenner, N., Katsikis, N., 2020. Operational Landscapes: Hinterlands of the Capitalocene. 
Archit. Des. 90 (1), 22–31. https://doi.org/10.1002/ad.2521. 

Brenner, N., Schmid, C., 2015. Towards a new epistemology of the urban? City 19 (2–3), 
151–182. https://doi.org/10.1080/13604813.2015.1014712. 

Buck, H.J., 2019. After Geoengineering: Climate Tragedy, Repair, and Restoration. Verso 
Books, London; New York.  

Cambridge Consultants, 2019. The Future of Vertical Farming: The Intelligent Ecosystem. 
Available at: https://www.cambridgeconsultants.com/sites/default/files/uploa 
ded-pdfs/vertical-farming.pdf (accessed 8 February 2023). 

Cantrell, B., Holzman, J., 2015. Responsive Landscapes: Strategies for Responsive 
Technologies in Landscape Architecture. Routledge, New York, NY.  

Cantrell, B., Martin, L.J., Ellis, E.C., 2017. Designing Autonomy: Opportunities for New 
Wildness in the Anthropocene. Trends Ecol. Evol. 32 (3), 156–166. https://doi.org/ 
10.1016/j.tree.2016.12.004. 

Carolan, M., 2020. Automated agrifood futures: robotics, labor and the distributive 
politics of digital agriculture. J. Peasant Stud. 47 (1), 184–207. https://doi.org/ 
10.1080/03066150.2019.1584189. 

Casino, V.J.D., House-Peters, L., Crampton, J.W., et al., 2020. The Social Life of Robots: 
The Politics of Algorithms, Governance, and Sovereignty. Antipode 52 (3), 605–618. 
https://doi.org/10.1111/anti.12616. 

Castro, J., Morales-Rueda, F., Alcaraz-Segura, D., et al., 2023. Forest restoration is more 
than firing seeds from a drone. Restor. Ecol. 31 (1), e13736. 

Childs, J., 2018. Extraction in Four Dimensions: Time, Space and the Emerging Geo(-) 
politics of Deep-Sea Mining. Geopolitics 1–25. https://doi.org/10.1080/ 
14650045.2018.1465041. 

Dauvergne, P., 2020. AI in the Wild: Sustainability in the Age of Artificial Intelligence. 
MIT Press, Cambridge, MA.  

DeFelice, T.P., Axisa, D., 2017. Modern and prospective technologies for weather 
modification activities: Developing a framework for integrating autonomous 
unmanned aircraft systems. Atmos. Res. 193, 173–183. https://doi.org/10.1016/j. 
atmosres.2017.04.024. 

Egerstedt, M., 2021. Robot Ecology: Constraint-Based Design for Long-Duration 
Autonomy. Princeton University Press. 

EIT Food North-West and Innovate UK, 2022. Barriers & Opportunities for Controlled 
Environment Agriculture in North-West Europe. Available at: https://iuk.ktn-uk.or 
g//wp-content/uploads/2022/09/Controlled-Environment-Agriculture-Report.pdf 
(accessed 8 February 2023). 

Ellem, B., 2016. Geographies of the labour process: automation and the spatiality of 
mining. Work Employ Soc. 30 (6), 932–948. https://doi.org/10.1177/ 
0950017015604108. 

Elliott, S., 2016. The potential for automating assisted natural regeneration of tropical 
forest ecosystems. Biotropica 48 (6), 825–833. https://doi.org/10.1111/btp.12387. 

ETC Group, 2022. Food Barons 2022: Crisis Profiteering, Digitalization and Shifting 
Power. Available at: https://www.etcgroup.org/files/files/food-barons-2022-f 
ull_sectors-final_16_sept.pdf (accessed 2 February 2023). 

Gabrys, J., 2016. Program Earth: Environmental Sensing Technology and the Making of a 
Computational Planet. University of Minnesota Press, Minneapolis, MN.  

Gabrys, J., 2020. Smart forests and data practices: From the Internet of Trees to planetary 
governance. Big Data Soc. 7(1). SAGE Publications Ltd: 2053951720904871. DOI: 
10.1177/2053951720904871. 

Grémillet, D., Puech, W., Garçon, V., et al., 2012. Robots in Ecology: Welcome to the 
machine. Open J. Ecol. 2 (2), 49–57. https://doi.org/10.4236/oje.2012.22006. 

Gulsrud, N.M., Raymond, C.M., Rutt, R.L., et al., 2018. ‘Rage against the machine’? The 
opportunities and risks concerning the automation of urban green infrastructure. 
Landsc. Urban Plan. 180, 85–92. https://doi.org/10.1016/j. 
landurbplan.2018.08.012. 

Klauser, F., 2018. Surveillance Farm: Towards a Research Agenda on Big Data 
Agriculture. Surveill. Soc. 16 (3), 370–378. https://doi.org/10.24908/ss. 
v16i3.12594. 

Knowles, S., Skidmore, M., 2019. A Primer on Weather and Climate Intervention for 
Economists. 3374578, SSRN Scholarly Paper. Rochester, NY. DOI: 10.2139/ 
ssrn.3374578. 

Lehman, J., 2018. From ships to robots: The social relations of sensing the world ocean. 
Soc. Stud. Sci. 48(1). SAGE Publications Ltd: 57–79. DOI: 10.1177/ 
0306312717743579. 

Lockhart, A., While, A., Marvin, S., 2021. Automation, Robotics and Off-World Frontier- 
Making. Available at: https://www.societyandspace.org/articles/automation-roboti 
cs-and-off-world-frontier-making (accessed 21 April 2022). 

Lockhart, A., Marvin, S., 2020. Microclimates of Urban Reproduction: The Limits of 
Automating Environmental Control. Antipode 52 (3), 637–659. https://doi.org/ 
10.1111/anti.12566. 

Machen, R., Nost, E., 2021. Thinking algorithmically: The making of hegemonic 
knowledge in climate governance. n/a(n/a). Trans. Inst. Br. Geogr.. https://doi.org/ 
10.1111/tran.12441. 

Marine BioEnergy, n.d. Background. Available at: https://www.marinebiomass.com/ba 
ckground/ (accessed 5 April 2021). 

Marris, E., 2019. Drones unleashed against invasive rats in the Galapagos. Nature 565, 
543–544. https://doi.org/10.1038/d41586-019-00176-z. 

McNabb, M., 2022. Pixie Water Drone Picks Up Trash and Gathers Water Data: Meijer 
Helps the Great Lakes Cleanup Program. Available at: https://dronelife.com/2022 
/08/31/pixie-water-drone-picks-up-trash-and-gathers-water-data-meijer-helps-the- 
great-lakes-cleanup-program/ (accessed 28 March 2023). 

Mechan, F., Bartonicek, Z., Malone, D., et al., 2023. Unmanned aerial vehicles for 
surveillance and control of vectors of malaria and other vector-borne diseases. 
Malar. J. 22 (1), 23. https://doi.org/10.1186/s12936-022-04414-0. 

Milrem Robotics, n.d. The Multiscope UGV. Available at: https://milremrobotics.com 
/commercial/ (accessed 5 July 2023). 

Mohan, M., Richardson, G., Gopan, G., et al., 2021. UAV-Supported Forest Regeneration: 
Current Trends, Challenges and Implications. Remote Sens. (Basel) 13 (13), 13. 

A. Lockhart et al.                                                                                                                                                                                                                               

https://doi.org/10.1177/0309132517740220
https://doi.org/10.1177/0309132517740220
https://www.aerofarms.com/how-we-grow/
https://www.aerofarms.com/how-we-grow/
https://doi.org/10.1016/j.gloenvcha.2018.07.011
https://doi.org/10.1016/j.gloenvcha.2018.07.011
https://www.bbc.com/news/technology-56428984
https://www.bbc.com/news/technology-56428984
https://doi.org/10.1080/15487733.2017.1394054
https://doi.org/10.1080/15487733.2017.1394054
https://doi.org/10.1108/IR-01-2015-0010
https://read.dukeupress.edu/books/book/2646/chapter/1766111/Robotic-Life-in-the-Deep-Sea
https://read.dukeupress.edu/books/book/2646/chapter/1766111/Robotic-Life-in-the-Deep-Sea
https://doi.org/10.1002/ad.2521
https://doi.org/10.1080/13604813.2015.1014712
http://refhub.elsevier.com/S0016-7185(23)00151-3/h0060
http://refhub.elsevier.com/S0016-7185(23)00151-3/h0060
https://www.cambridgeconsultants.com/sites/default/files/uploaded-pdfs/vertical-farming.pdf
https://www.cambridgeconsultants.com/sites/default/files/uploaded-pdfs/vertical-farming.pdf
http://refhub.elsevier.com/S0016-7185(23)00151-3/h0070
http://refhub.elsevier.com/S0016-7185(23)00151-3/h0070
https://doi.org/10.1016/j.tree.2016.12.004
https://doi.org/10.1016/j.tree.2016.12.004
https://doi.org/10.1080/03066150.2019.1584189
https://doi.org/10.1080/03066150.2019.1584189
https://doi.org/10.1111/anti.12616
http://refhub.elsevier.com/S0016-7185(23)00151-3/h0090
http://refhub.elsevier.com/S0016-7185(23)00151-3/h0090
https://doi.org/10.1080/14650045.2018.1465041
https://doi.org/10.1080/14650045.2018.1465041
http://refhub.elsevier.com/S0016-7185(23)00151-3/h0100
http://refhub.elsevier.com/S0016-7185(23)00151-3/h0100
https://doi.org/10.1016/j.atmosres.2017.04.024
https://doi.org/10.1016/j.atmosres.2017.04.024
http://refhub.elsevier.com/S0016-7185(23)00151-3/h0110
http://refhub.elsevier.com/S0016-7185(23)00151-3/h0110
https://iuk.ktn-uk.org//wp-content/uploads/2022/09/Controlled-Environment-Agriculture-Report.pdf
https://iuk.ktn-uk.org//wp-content/uploads/2022/09/Controlled-Environment-Agriculture-Report.pdf
https://doi.org/10.1177/0950017015604108
https://doi.org/10.1177/0950017015604108
https://doi.org/10.1111/btp.12387
https://www.etcgroup.org/files/files/food-barons-2022-full_sectors-final_16_sept.pdf
https://www.etcgroup.org/files/files/food-barons-2022-full_sectors-final_16_sept.pdf
http://refhub.elsevier.com/S0016-7185(23)00151-3/h0135
http://refhub.elsevier.com/S0016-7185(23)00151-3/h0135
https://doi.org/10.4236/oje.2012.22006
https://doi.org/10.1016/j.landurbplan.2018.08.012
https://doi.org/10.1016/j.landurbplan.2018.08.012
https://doi.org/10.24908/ss.v16i3.12594
https://doi.org/10.24908/ss.v16i3.12594
https://www.societyandspace.org/articles/automation-robotics-and-off-world-frontier-making
https://www.societyandspace.org/articles/automation-robotics-and-off-world-frontier-making
https://doi.org/10.1111/anti.12566
https://doi.org/10.1111/anti.12566
https://doi.org/10.1111/tran.12441
https://doi.org/10.1111/tran.12441
https://www.marinebiomass.com/background/
https://www.marinebiomass.com/background/
https://doi.org/10.1038/d41586-019-00176-z
https://dronelife.com/2022/08/31/pixie-water-drone-picks-up-trash-and-gathers-water-data-meijer-helps-the-great-lakes-cleanup-program/
https://dronelife.com/2022/08/31/pixie-water-drone-picks-up-trash-and-gathers-water-data-meijer-helps-the-great-lakes-cleanup-program/
https://dronelife.com/2022/08/31/pixie-water-drone-picks-up-trash-and-gathers-water-data-meijer-helps-the-great-lakes-cleanup-program/
https://doi.org/10.1186/s12936-022-04414-0
https://milremrobotics.com/commercial/
https://milremrobotics.com/commercial/


Geoforum 145 (2023) 103825

9

https://doi.org/10.3390/rs13132596. Multidisciplinary Digital Publishing Institute: 
2596.  

Moore, J.W., 2015. Capitalism in the Web of Life: Ecology and the Accumulation of 
Capital. Verso, London, UK.  

Morley, C.G., Broadley, J., Hartley, R., et al., 2017. The potential of using Unmanned 
Aerial Vehicles (UAVs) for precision pest control of possums (Trichosurus 
vulpecula). Rethinking Ecol. 2. Pensoft Publishers: 27–39. DOI: 10.3897/ 
rethinkingecology.2.14821. 

Morozov, E., 2014. To Save Everything, Click Here: Technology, Solutionism, and the 
Urge to Fix Problems That Don’t Exist. Penguin, London.  

Nicholson, S., Reynolds, J.L., 2020. Taking Technology Seriously: Introduction to the 
Special Issue on New Technologies and Global Environmental Politics. Global 
Environ. Polit. 20(3). MIT Press: 1–8. DOI: 10.1162/glep_e_00576. 

Nimmo, R., 2022. Replacing cheap nature? Sustainability, capitalist future-making and 
political ecologies of robotic pollination. Environ. Plann. E: Nat. Space 5(1). SAGE 
Publications Ltd STM: 426–446. DOI: 10.1177/2514848620987368. 

Odum, H.T., Odum, B., 2003. Concepts and methods of ecological engineering. Ecol. Eng. 
20(5). The Philosophy and Energence of Ecological Engineering: 339–361. DOI: 
10.1016/j.ecoleng.2003.08.008. 

Peckham, R., Sinha, R., 2019. Anarchitectures of health: Futures for the biomedical 
drone. Global Public Health 14(8). Taylor & Francis: 1204–1219. DOI: 10.1080/ 
17441692.2018.1546335. 

Polverino, G., Soman, V.R., Karakaya, M., et al., 2022. Ecology of fear in highly invasive 
fish revealed by robots. iScience 25 (1), 103529. https://doi.org/10.1016/j. 
isci.2021.103529. 

Preston, C.J., 2018. The Synthetic Age: Outdesigning Evolution, Resurrecting Species, 
and Reengineering Our World. MIT Press, Cambridge, Massachusetts.  

PwC, 2018. Fourth Industrial Revolution for the Earth: Harnessing Artificial Intelligence 
for the Earth. Available at: https://www.pwc.com/gx/en/sustainability/assets/ai-fo 
r-the-earth-jan-2018.pdf. 

Quaglia, S., 2022. Scientists unveil bionic robo-fish to remove microplastics from seas. 
The Guardian, 22 June. Available at: https://www.theguardian.com/environment 
/2022/jun/22/scientists-unveil-bionic-robo-fish-to-remove-microplastics-from-seas 
(accessed 7 March 2023). 

Reynolds, M., 2022. Vertical Farming Has Found Its Fatal Flaw. Available at: 
https://www.wired.co.uk/article/vertical-farms-energy-crisis (accessed 8 February 
2023). 

Robinson, J.M., Harrison, P.A., Mavoa, S., et al., 2022. Existing and emerging uses of 
drones in restoration ecology. Methods Ecol. Evol. 13 (9), 1899–1911. https://doi. 
org/10.1111/2041-210X.13912. 

Rogers, W.P., Kahraman, M.M., Drews, F.A., et al., 2019. Automation in the Mining 
Industry: Review of Technology, Systems, Human Factors, and Political Risk. Min., 
Metall. Exploration 36 (4), 607–631. https://doi.org/10.1007/s42461-019-0094-2. 

Royakkers, L., van Est, R., 2015. Just Ordinary Robots: Automation from Love to War. 
CRC Press, Boca Raton, FL.  

Rubin, A.J., Denton, B., 2022. Cloud Wars: Mideast Rivalries Rise Along a New Front. 
The New York Times, 28 August. Available at: https://www.nytimes.com/2022/08/ 
28/world/middleeast/cloud-seeding-mideast-water-emirates.html (accessed 22 
February 2023). 

Shields, T., Currylow, A., Hanley, B., et al., 2019. Novel management tools for subsidized 
avian predators and a case study in the conservation of a threatened species. 
Ecosphere 10 (10), e02895. 

Sky News, 2022. Drones and rockets bring rainfall to China during record-breaking 
heatwave and severe drought. Available at: https://news.sky.com/story/drones-and- 
rockets-bring-rainfall-to-china-during-record-breaking-heatwave-and-severe-dro 
ught-12682578 (accessed 28 March 2023). 

Stock, R., Gardezi, M., 2021. Make bloom and let wither: Biopolitics of precision 
agriculture at the dawn of surveillance capitalism. Geoforum 122, 193–203. https:// 
doi.org/10.1016/j.geoforum.2021.04.014. 

Thayyil, N., 2018. Constructing global data: Automated techniques in ecological 
monitoring, precaution and reification of risk. Big Data Soc. 5(1). SAGE Publications 
Ltd: 2053951718779407. DOI: 10.1177/2053951718779407. 

Thiele, L.P., 2020. Nature 4.0: Assisted Evolution, De-extinction, and Ecological 
Restoration Technologies. Global Environ. Polit. 20(3). MIT Press: 9–27. DOI: 
10.1162/glep_a_00559. 

Thorpe, C., Durrant-Whyte, H.F., 2001. Field Robots. In: 10th International Symposium 
of Robotics Research, Lorne, Victoria: Australia, 2001, pp. 329–340. 

Tirado, F., Cano, P.T., 2020. Drones and epidemiology: A new anatomy for surveillance. 
BioSocieties 15 (1), 115–133. https://doi.org/10.1057/s41292-019-00144-w. 

Toonen, H.M., Bush, S.R., 2020. The digital frontiers of fisheries governance: fish 
attraction devices, drones and satellites. Routledge J. Environ. Plann. Policy Manage. 
22 (1), 125–137. https://doi.org/10.1080/1523908X.2018.1461084. 

Turnbull, J., Searle, A., Hartman Davies, O., et al., 2022. Digital ecologies: Materialities, 
encounters, governance, 27539687221145696 Progr. Environ. Geogr. SAGE 
Publications. https://doi.org/10.1177/27539687221145698. 

van Wynsberghe, A., Donhauser, J., 2018. The Dawning of the Ethics of Environmental 
Robots. Sci. Eng. Ethics 24 (6), 1777–1800. https://doi.org/10.1007/s11948-017- 
9990-3. 

Vinsel, L., 2021. You’re Doing It Wrong: Notes on Criticism and Technology Hype. In: 
Medium. Available at: https://sts-news.medium.com/youre-doing-it-wrong-notes 
-on-criticism-and-technology-hype-18b08b4307e5 (accessed 7 July 2023). 

Wang, S., Han, Y., Mao, S., 2021. Innovation Concept Model and Prototype Validation of 
Robotic Fish with a Spatial Oscillating Rigid Caudal Fin. J. Mar. Sci. Eng. 9 (4), 4. 
https://doi.org/10.3390/jmse9040435. Multidisciplinary Digital Publishing 
Institute: 435.  

While, A.H., Marvin, S., Kovacic, M., 2021. Urban robotic experimentation: San 
Francisco, Tokyo and Dubai. Urban Studies 58 (4), 769–786. https://doi.org/ 
10.1177/0042098020917790. 

A. Lockhart et al.                                                                                                                                                                                                                               

https://doi.org/10.3390/rs13132596
http://refhub.elsevier.com/S0016-7185(23)00151-3/h0215
http://refhub.elsevier.com/S0016-7185(23)00151-3/h0215
http://refhub.elsevier.com/S0016-7185(23)00151-3/h0225
http://refhub.elsevier.com/S0016-7185(23)00151-3/h0225
https://doi.org/10.1016/j.isci.2021.103529
https://doi.org/10.1016/j.isci.2021.103529
http://refhub.elsevier.com/S0016-7185(23)00151-3/h0255
http://refhub.elsevier.com/S0016-7185(23)00151-3/h0255
https://www.pwc.com/gx/en/sustainability/assets/ai-for-the-earth-jan-2018.pdf
https://www.pwc.com/gx/en/sustainability/assets/ai-for-the-earth-jan-2018.pdf
https://www.theguardian.com/environment/2022/jun/22/scientists-unveil-bionic-robo-fish-to-remove-microplastics-from-seas
https://www.theguardian.com/environment/2022/jun/22/scientists-unveil-bionic-robo-fish-to-remove-microplastics-from-seas
https://www.wired.co.uk/article/vertical-farms-energy-crisis
https://doi.org/10.1111/2041-210X.13912
https://doi.org/10.1111/2041-210X.13912
https://doi.org/10.1007/s42461-019-0094-2
http://refhub.elsevier.com/S0016-7185(23)00151-3/h0285
http://refhub.elsevier.com/S0016-7185(23)00151-3/h0285
https://www.nytimes.com/2022/08/28/world/middleeast/cloud-seeding-mideast-water-emirates.html
https://www.nytimes.com/2022/08/28/world/middleeast/cloud-seeding-mideast-water-emirates.html
http://refhub.elsevier.com/S0016-7185(23)00151-3/h0295
http://refhub.elsevier.com/S0016-7185(23)00151-3/h0295
http://refhub.elsevier.com/S0016-7185(23)00151-3/h0295
https://news.sky.com/story/drones-and-rockets-bring-rainfall-to-china-during-record-breaking-heatwave-and-severe-drought-12682578
https://news.sky.com/story/drones-and-rockets-bring-rainfall-to-china-during-record-breaking-heatwave-and-severe-drought-12682578
https://news.sky.com/story/drones-and-rockets-bring-rainfall-to-china-during-record-breaking-heatwave-and-severe-drought-12682578
https://doi.org/10.1016/j.geoforum.2021.04.014
https://doi.org/10.1016/j.geoforum.2021.04.014
https://doi.org/10.1057/s41292-019-00144-w
https://doi.org/10.1080/1523908X.2018.1461084
https://doi.org/10.1177/27539687221145698
https://doi.org/10.1007/s11948-017-9990-3
https://doi.org/10.1007/s11948-017-9990-3
https://sts-news.medium.com/youre-doing-it-wrong-notes-on-criticism-and-technology-hype-18b08b4307e5
https://sts-news.medium.com/youre-doing-it-wrong-notes-on-criticism-and-technology-hype-18b08b4307e5
https://doi.org/10.3390/jmse9040435
https://doi.org/10.1177/0042098020917790
https://doi.org/10.1177/0042098020917790

	Towards new ecologies of automation: Robotics and the re-engineering of nature
	1 Introduction
	2 The new ‘ecologies of automation’
	2.1 Seeing and knowing nature
	2.2 Acting in and altering nature

	3 Operational Ecologies
	3.1 Opening new frontier ecologies
	3.2 Control and intensification of existing ecologies
	3.3 Replicating ecological functions

	4 RAS and the re-engineering of nature?
	5 Conclusion
	Funding
	Author contributions
	Declaration of Competing Interest
	Data availability
	References


