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ABSTRACT
Agricultural decision support systems (DSSs) are hardware and software tools that utilize big data collected from
satellites and drones, ground-based sensors, and analyzed with machine learning algorithms to provide site-
specific farming recommendations. Despite the promise of DSSs to address many challenges of the farm
economy, there are social and ethical concerns that need to be addressed. Utilizing a mixed-methods approach
that consisted of focus group discussions and a follow-up survey questionnaire, we highlight the experiences and
affectations of heterogeneous food system actors from Vermont and South Dakota. We find that DSSs transform
agricultural knowledge production, reconfigure labor arrangements and unevenly distribute benefits and burdens
among farmers. We suggest that agritech developers implement inclusive and deliberative processes when
redesigning DSSs to engender ethical, equitable and sustainable improvements to food production systems.
Inclusive processes of open deliberation are modalities of responsible innovation, tasked with mitigating frictions
within socio-technical systems.
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Introduction

Food and agriculture systems in the US are undergoing a technological and sustainability revolution (Rose
and Chilvers 2018). Precision agriculture (PA) employs data-based agricultural technologies and practices
with localized farm data to generate site-specific farm recommendations (Banerjee, Bandyopadhyay, and
Acharya 2013; Bongiovanni and Lowenberg-DeBoer 2004; Rossel and Bouma 2016; Smith 2018). Under
the broader ambit of PA, agricultural decision support systems (DSSs) are becoming increasingly popular
for translating agronomic and climate sciences to crop, livestock, and dairy farmers. However, DSSs are not
new to agriculture. Since the 1970s, DSSs have emerged from the rapid development of computing and
electronics, which have allowed agricultural machines to perform operations efficiently (McCown,
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Hochman, and Carberry 2002; Zhai et al. 2020). More recently, DSSs are integrated with current
technologies like the Internet of Things (IoT), big data, artificial intelligence (AI), cloud computing and
remote sensing to transform environmental and agronomic farm data into ‘precise’ and ‘accurate’ farming
recommendations (Kamilaris, Kartakoullis, and Prenafeta-Boldú 2017; Rose et al. 2016). By providing
targeted farming recommendations to farmers, DSSs enable a ‘farming by the foot’ approach that can
facilitate an increase in farm productivity, reduce greenhouse gas emissions (GHGs), decrease farm
management costs, and advance coordination across the food system value chain (El Bilali and Allahyari
2018; Balafoutis et al. 2017; Bongiovanni and Lowenberg-DeBoer 2004). Farmers in India and Colombia
are adopting DSSs, such as Microsoft’s Cortana Intelligence Suite, to assist in determining optimal planting
dates for crops (López and Corrales 2018) and unmanned drones are translating agronomic information into
maps that are visualized on DSSs to locate and remove weeds from fields (Lottes et al. 2017; Fennimore
2017). Proponents of PA claim that widespread use of data-driven DSSs will streamline the decision-making
process in agriculture as these systems are based on empirical data and not guesswork.

Yet the prevailing narrative about PA that presents DSS as a techno-scientific fix to the challenges of
agricultural decision-making must be treated with caution (Rose and Chilvers 2018). Innovation in DSSs
depends on several activities, such as the collection and processing of big data, development of new cyber
infrastructures, data sharing platforms, and machine learning algorithms, all of which have their own social
and technical challenges. While some food system actors are excited about being empowered by big data
technologies, others are equally concerned about the ownership, privacy and use of their data by
corporations or regulators (Finn and Donovan 2016; Jakku et al. 2019; Salah et al. 2019). The design,
development, use, and regulation of DSSs follow a complex and dynamic trajectory involving many
different actors and organizations within the food system – e.g. farmers, farm advisors, researchers in the
industry and universities, policy makers, regulators – each of whom is positioned differently in the PA value
chain, giving them unique experiences and affectations with the technologies (Gutiérrez et al. 2019; Klerkx
et al. 2012). We contend that open and inclusive deliberations on the unintended and undesired implications
of DSSs involving social actors across the food system value chain can inform guiding principles for
designing and governing new DSSs and associated technologies (e.g. big data, machine learning algorithms,
AI) that are ethical, equitable and effective for farming and non-farming communities. In this paper, we
utilize a responsible innovation (RI) framework to ask the following research question: What are the
experiences and affectations with DSSs of various food system stakeholders? Through the RI framework,
lived experiences of a range of agricultural stakeholders can help inform and shape future innovation and
governance of agricultural DSSs. Developers of future PA technologies can benefit from anticipating and
including concerns and needs of heterogeneous actors in the food system. As farm labor becomes more
deeply integrated with PA technologies, sustaining yields of crops and capital necessitates socially
responsible user engagement.

This article is organized into six sections. The second section is a literature review of the (a) social
dimensions of DSS technologies and (b) responsible innovation. The third section describes our
methodological approach, consisting of focus group discussions and survey questionnaires. The fourth
section explores research participants’ perceptions and experiences with DSSs. The fifth section discusses
the broader implications of this study and makes a case for a responsible innovation approach that includes
open deliberation among user groups to improve upon DSS technologies. The sixth section concludes the
paper with a summation of findings and a recapitulation of our central thesis.

Literature review

Farmers’ adoption of DSSs and changes to their knowledge, meanings, and social
identities
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Social science scholarship on DSSs has focused predominantly on the challenges pertaining to its uneven
adoption among farmers (Lindblom et al. 2017; Lundström and Lindblom 2018). Lindblom et al. (2017)
associate the low reception of DSSs among farmers as a result of the lack of engagement between
technology developers and farmers. The former often fail to regard the levels of knowledge and actual needs
of the farmers who are the end-users of the technology (Ogunyiola et al. 2022). The issues of perceived
complexities of DSSs, ambiguous data inputs requirements, and low adaptability to peculiar farm situations
can cause low motivation for farmers and farm advisors to learn and adopt novel practices. Commentators
suggest that an easier data entry process, the ability for farmers to attend to multiple fields simultaneously,
and user-centered designs can allow DSSs to complement instead of conflict with farmers’ existing decision
processes. Proponents of DSSs proclaim that adopting it would require less ‘hands-on’ management and
more data-driven analysis (Eastwood, Chapman, and Paine 2012). In turn, farmers and farm advisors may
need new skills to create, interpret, and establish recommendations based on a DSS-based yield map derived
from 50,000 or more individual ecological measurements. Yet equipping the workforce with the necessary
skill-sets to effectively utilize DSSs has associated challenges such as high training and equipment costs,
poor broadband internet availability in rural areas, lack in mathematical skills among undergraduates, and
comfort and trust issues among farmers (Rotz et al. 2019; Hennessy, Läpple, and Moran 2016).

The socio-technical transition to DSSs in agriculture is reconfiguring farmers’ social practices, such as
knowledge, meanings, work tasks, and social identities (Gardezi and Stock 2021; Gardezi and Bronson
2019; Carolan 2017; Burton, Peoples, and Cooper 2012; Marinoudi et al. 2019; Vougioukas 2019). Unlike
previous technological transformations in agriculture, DSSs are not only replacing mechanized farm work
(e.g. moving heavy equipment) but can also perform tasks that require human intuition and cognition
(Huang, Rust, and Maksimovic 2019). While DSSs can enhance human-machine partnerships and open
avenues for greater workforce augmentation, these tools can disrupt existing farming knowledge and create
‘spaces where the tacit knowledge of old analogue systems is being lost’ (Carolan 2017, 825). The critical
social science literature on PA highlights how some of the ‘smart’ tools can change a farmer’s role.
Agritech’s influence over the political economy of agriculture has enabled the proliferation of discourses
that position future farmers not as cultivators but as ‘an algorithmically assisted subject,’ a reconfiguration
of agrarian labor that ‘casts farmers as office managers’ (Tsouvalis et al. 2000, 913). Visions of a ‘ghost
farm’ or farming without people dominate current discourses on the future of food, indicative of agritech’s
ascendant cultural hegemony. Depiction of a world of farmerless farms are being fed to the public through
high-level visioning documents (Syngenta 2017) and even children’s TV shows, such as the Magic School
Bus Rides Again (Ghost Farm 2018). Building on emerging studies that have examined how these tools can
create new – and exaggerate existing – social and ethical risks for farming and non-farming communities
(Fielke, Taylor, and Jakku 2020; Van der Burg, Bogaardt, and Wolfert 2019; Gardezi and Stock 2021; Fraser
2019), we examine how DSSs are reconfiguring existing farming practices and challenging farmers’ social
identities (Gardezi and Stock 2021; Gardezi and Bronson 2019; Carolan 2017; Burton, Peoples, and Cooper
2012; President’s Council of Advisors on Science and Technology 2012).

Growing power disparities between food system actors

The social and political effects of agricultural DSSs are not limited to the disruption of farm work. Big data
and machine learning algorithms are vital components of DSSs. Critical data studies and food studies
scholarship has demonstrated the inequitable impacts of big data on the relationships of power between
actors in the North American food system (Bronson and Knezevic 2016; Crawford, Miltner, and Gray 2014).
This scholarship shows that technology and its development is as much a technical feature as it is a social
construction that may be imagined by a powerful minority of actors and organizations in the food system
(Bronson and Knezevic 2016). DSS hardware and software developers selectively collect (via ground or
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aerial-based sensors) specific agronomic and environmental data while ignoring other potential data sources
of food systems (Stock and Gardezi 2021). Agritech’s choices about data collection and processing are
neither amoral nor value-neutral but have serious implications for food production systems and natural
resource governance (Winner 1986; Crawford and Boyd 2012). Agritech’s decisions determine which
aspects of food and livestock production systems are monitored, and which ones are not. For instance, many
agritech firms produce a greater variety of fine-scaled machine learning models to predict nutrient
recommendations for large-scale farms that grow corn and soybean, but very few models do the same for
small cash crops (e.g. specialty fruits and vegetables), thereby perpetuating monocropping and reducing
agricultural biodiversity. The uneven prioritization of DSSs to support large landholders over smaller ones
may replicate and perpetuate existing social frictions in agriculture, specifically between small-scale and
diversified production systems, such as various types of agroecological systems and large-scale monoculture
farming systems (Bronson 2020; Klerkx and Rose 2020). There are secondary consequences of
technological inequity that disproportionately harms older and lesser-educated farmers, some of whom are
less likely to adopt DSSs (Lindblom et al. 2017; Rose et al. 2016). Stock and Gardezi (2021) contend that
through PA technologies, agritech firms engage in biopolitical modalities that selectively ‘make bloom and
let wither’ specific plants, pests and people throughout the food production system. Technological inequity
and ecological homogeneity in agricultural systems may become more prevalent unless innovators and
regulators of DSSs consciously ensure that these technologies are socially inclusive and responsive to the
environmental demands for greater biodiversity.

Growing power disparities between food system actors is a historically recurring phenomenon in the
U.S. agriculture sector. We situate DSSs (as a technology of PA) within this long genealogy of power
asymmetries and technological disruption in food production systems. Scholars have for several decades
examined and highlighted the growing power imbalances between small and large-scale farmers and farmers
and large agribusinesses (Friedmann 2009; Friedmann and McMichael 1987). In the case of genetically
modified organisms (GMOs), for example, regimes that protect the commercial interests of large
agribusinesses through intellectual property rights has brought benefits to some farmers from improvements
to their crop yields, but had reinforced stronger dependencies between farmers and powerful agribusinesses
(Stucke and Grunes 2018). In a similar vein, the current PA innovation ecosystem enables large agritech
corporations to consolidate proprietary data and intellectual property from not only seed and chemical
patents, but also through digital platforms that enable capital accumulation for these firms predicated on the
(dis)possession of farmers’ data (Fraser 2019; Bronson 2019; Stock and Gardezi 2022). For example, John
Deere’s proprietary tractors use numerous environmental sensors that generate data for the entire farming
system, including farmers’ preferences and actions, which are protected through intellectual property rights
that prevent the farmers from accessing, controlling or possessing this information (Carolan 2017; Rotz et
al. 2019). Agritech firms require farmers to subscribe to proprietary DSSs that use farmers’ environmental
data to make recommendations such as how to manage irrigation systems, how to match climatic conditions
to agricultural inputs, and how to purchase supplies and sell products (Carolan 2017; Rotz et al. 2019; Stock
and Gardezi 2022). Some farmers have expressed concerns from opaque data sharing agreements offered by
the industry and have urged the state to do more to address this unwanted byproduct of PA (American Farm
Bureau 2016). For instance, Stock and Gardezi (2021) found that 84.6% of PA users were concerned about
their data being used for regulatory purposes, while 65.4% feared that corporations will use the data for their
benefit and not the farmers (see also: American Farm Bureau 2016). Many farmers using PA technologies
contend that agritech firms dispossess data about their food production systems when users are engaging
with the technologies as a capital accumulation strategy (Fraser 2019). This user engagement then undergoes
‘commodification via datafication’ (Miles 2019) – the data is bundled into user profiles, monetized, sold to
other firms, and used to advertise new products to users (Fraser 2019). As we demonstrate in this paper,
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learning from these perceptions and experiences are key to designing more socially responsible digital
agriculture technologies. We assert that the socio-technical transition to agricultural DSSs ought to address
some of the socially and politically sensitive issues such as data privacy, trust, access, and the future of rural
society.

Responsible innovation: guiding principles for steering toward socially and ethically viable
agricultural DSSs

Previous technological transformations in agriculture, such as the development of harmful chemicals during
the first Green Revolution (Carson 1962) and debates about the health and ethical implications of GMOs
(Macnaghten 2015) highlight that agricultural technology can generate benefits, but also cause risks to
society and the environment. As a result, emerging technologies can be met with resistance from users and
civil society groups, especially when they lack clear institutional structures and governance arrangements
(Hajer 2003) or do not meet up to the societal expectations regarding their broader social and environmental
impacts (Macnaghten and Chilvers 2014). Managing an innovation ecosystem for emerging technologies
(i.e. DSSs) is complex because the processes of innovation, governance and use exceeds the influence of an
agritech firm, a regulator, or a farmer (Eastwood, Klerkx, and Nettle 2017b). The application of big data and
AI to DSSs helps utilize data from various sources and provides farmers with advice for supporting their
decision-making under uncertain scenarios and circumstances (Wolfert et al. 2017). Yet, the focus on
developing new DSSs in recent years has outpaced policymakers’ abilities to design effective regulatory
frameworks that can properly govern the social implications of big agricultural data and AI. Social actors in
the DSS value chain can have widely different priorities, motivations and values pertaining to how these
tools ought to be designed, developed, tested, evaluated, used, and regulated (Regan et al. 2018). For
instance, the benefits and costs to farmers of their use of DSSs may differ from those of farm advisors
because farmers and advisors can have different positions and roles in the agricultural supply chain –
advisors are intermediaries who broker agronomic or financial information (e.g. Lemos et al. 2014). In
information and communication technologies (ICT), the ‘problem of many hands’ (Johnson 2012) is
common because processes of innovation are distributed or divided between numerous different individuals
or organizations that only produce a small component of the larger functioning technology (Jirotka et al.
2017). This complex web of organizations within agricultural technology innovation and governance
systems can devolve into a problem of ‘organized irresponsibility’ (Beck 1995), insofar as there can be
ambiguity about who is responsible for addressing the social and ethical implications of DSS and to whom
are these actors accountable (Owen, Macnaghten, and Stilgoe 2012).

Against this socio-technical dilemma, the responsible innovation (RI) framework aims to transform
current modes of innovation governance to make science and technology more responsive and reflexive of
its social, ethical, and environmental commitments (Owen, Macnaghten, and Stilgoe 2012; Von Schomberg
2013). The RI framework proposes that innovation ought to be designed, developed, evaluated, and
governed not only on the basis of its economic viability, but also how it attends to environmental and social
demands for greater equity and justice (Von Schomberg 2013). Reliance on technical assessments cannot be
the only departure point for addressing innovation’s potential future implications on people and landscapes.
Instead, a variety of stakeholders, including experts and laypersons must – in a collective conversation – ask
what they want technologies to do and whose interests will these innovations serve. Previously, the RI
framework has been applied to investigate the innovation processes of several emerging technologies, such
as nanotechnology (Fisher and Rip 2013), geo-engineering (Stilgoe, Owen, and Macnaghten 2013), and
synthetic biology (Tucker and Zilinskas 2006).

In agriculture, scholarship has used a RI lens to examine the emergence of collective responsibility (or
irresponsibility) in the digitalization of food production systems and value chains (Bronson 2019; Eastwood
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et al. 2017a; Jirotka et al. 2017; Rose and Chilvers 2018; Barrett and Rose 2020; Klerkx, Jakku, and
Labarthe 2019; Van der Burg, Bogaardt, and Wolfert 2019). Barrett and Rose (2020) found that in the UK
media and policy documents, the benefits of PA were amplified through the rhetoric about potential
productivity gains and improvement in the environment, but little attention was paid to PA’s social
consequences. Against this background, other studies have emphasized the need for innovation governance
that enables multiple actors to responsibly coproduce socio-technical transitions in agriculture (Rose et al.
2021). Barrett and Rose (2020) and Klerkx, Jakku, and Labarthe (2019) suggested some possibilities for
policymakers to comprehensively examine the risks and benefits of PA, with the overarching goal of
enabling these technologies to work with – and for – different farming communities. Eastwood et al. (2017a)
extended an existing RI framework by Stilgoe, Owen, and Macnaghten (2013) to investigate how
innovations in the smart dairy farming sector could become more responsive to societal and environmental
demands. They proposed that more open and inclusive conversations with a wide range of agricultural
stakeholders could identify areas of contestation and consensus on these technologies and help steer the
direction of innovation (Eastwood et al. 2017a). The purpose of these conversations should not only lead
actors and organizations to anticipate the expected and unintended consequences of PA, but also to activate a
more direct and active role in co-producing or co-shaping the future of agriculture in more desirable ways
(Van der Burg, Bogaardt, and Wolfert 2019). The RI framework urges social actors and organizations to not
only deliberate on the products of science and innovation (what is it?) and its purpose (why do it?), but also
its unintended and undesired implications for society and the environment (Owen, Macnaghten, and Stilgoe
2012, 28). When applied to PA, RI for DSSs would be built on the premise that the societal implications of
these technologies are co-produced and mutually shaped. Hence, the social and cultural values influence the
process of designing, using, and evaluating DSSs affect the construction of social values and meaning of
agriculture.

We propose that more open and deliberative conversations with a range of agricultural stakeholders
could inform more responsible innovations of DSSs. RI enabled DSSs can be more attentive to concerns of
and create opportunities for a wide variety of food system actors, to minimize the controversies that DSSs
may embroil in the near future (such as the conflicts around GMOs). This research builds on this body of
scholarship in RI to examine how various food system actors across two geographically heterogeneous
regions in the US (South Dakota and Vermont) anticipate the implications of the DSSs in restructuring crop,
livestock, and dairy production systems. Probing these implications can reveal the socio-technological
scaffolding of DSS tools; the kinds of sociopolitical and technological worlds that have contributed to the
development and configuration of DSSs and the likely distributional effects of these technologies on people
and the environment. Understanding how DSSs may be rescripting the agri-food sector can avail
opportunities for reconfiguring innovation and governance approaches for DSSs to become more ethical,
socially inclusive and sustainable.

Methods

This section explains the steps used for participant recruitment, participant characteristics and study area,
and the procedures used for data collection and analysis.

Participant recruitment

We utilized a snowball sampling technique to select participants representing different sections of the PA
space, including (1) software and hardware developers, (2) state and county extension specialists, (3) non-
profit and government agencies and (4) crop, livestock, and dairy farmers. A purposeful sampling approach
enabled us to effectively recruit participants who could provide us rich and contextual information for
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answering questions pertaining to PA’s social and ethical implications (Patton 2002). Potential participants
were initially contacted through emails and follow-up phone calls and 65 participants were able to confirm
their attendance. In total, 52 people were able to participate as research subjects. The number of participants
from each category is summarized in Table 1 below.

Study setting

Vermont and South Dakota are ideal locations for such a comparative study due to the wide variance of their
social, political, and environmental aspects of agriculture. For instance, Vermont has a majority of small and
medium scale farms while South Dakota contains a majority of medium and large-scale farms. The average
acreage in Vermont is 176 acres compared to 1459 acres in South Dakota (USDA 2019). Further, Vermont
farms tend to be family-owned, organic, mixed cropping/grazing-based while South Dakota has mostly
industrial scale and conventional monocropping farming systems. With a total of 719 certified organic farms
in 2017, Vermont had more organic farms than any other state per capita. Participants from these locations
reflect this heterogeneity, representing different types of agriculture (corn and soybean versus diversified
small crops and dairy), small open-access and large-scale technology developers, and non-farm non-profits
that espoused unique socio-political values. The two states provide an interesting comparison of the
heterogenous socio-demographic and biophysical conditions that provide a useful context into diverse food,
fuel, and fiber production systems.

Procedure and data collection

We utilized a mixed-methods approach, consisting of six homogenous focus group discussions (FGDs) and a
follow-up survey with stakeholders across the food system value chain. Fieldwork for this study was
conducted between October and December 2019 in Vermont and South Dakota, USA. Appropriate human
subjects research approvals were obtained under SDSU IRB-2103006-EXP. Field work was conducted in
two phases. During the FGDs, participants deliberated on the risks and benefits of PA tools, such as DSSs,
AI, big data, and machine learning algorithms for agronomic and financial decision-making in crop,
livestock and dairy production systems. Participants also discussed the effectiveness of existing PA
education and ways in which traditional and non-traditional education can prepare farmers and technical
support personnel for careers in PA. Participants reflected through FGDs to articulate their perspectives and
experiences vis-à-vis the development, use, or regulation of PA technologies. Some questions asked during
the FGDs include: (a) What information is needed to make PA successful? What are the knowledge gaps
that would aid PA? (b) How do you feel about the potential of big data in agriculture? (c) How do you think
automation will change farming? (d) How do you think the adoption of PA will affect the livelihood of rural
communities? We audio and video recorded all FGDs to assist with transcription. To ensure anonymity of
name, affiliation and location, all participants were given unique codes. A follow-up survey questionnaire

Table 1. Number of FGD participants. (Table view)

Participants South Dakota Vermont All participants
Farmers 4 2 6
NGO/government regulators 10 5 15
Academia/extension 14 8 22
Technology developers 6 3 9
Total 34 18 52

Note: Some participants had multiple roles. For instance, some extension agents also farmed part-time. For this
reason, participants’ primary occupation was used for grouping them into one of the four categories.

https://www.tandfonline.com/reader/content/181f24d7cf4/10.1080/23299460.2022.2071668/format/epub/EPUB/xhtml/t0001.xhtml
https://www.tandfonline.com/reader/content/181f24d7cf4/10.1080/23299460.2022.2071668/format/epub/EPUB/xhtml/t0001.xhtml
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was completed by 52 FGD participants. The survey elicited participants’ attitudes, beliefs, and perceived
risks and benefits of PA technologies. Survey questions were designed to triangulate information from the
FGDs on the overall benefits and risks associated with PA to farmers and farm workers (Arbuckle 2019;
Creswell et al. 2003).

Analysis

This study adopted a qualitative interpretive method to analyze FGDs, allowing the emergence of concepts
based on perspectives guiding this study (responsible innovation, data ownership, accessibility, sharing and
control, power (re)distribution; impacts on human life and society framework). The qualitative approach
was chosen to understand how participants understand social phenomena, with the emergent realities
associated with their social lives. The interpretive approach allowed for exploring and interpreting distinct
contributions and perceptions of stakeholders in the US food systems on the emergence of PA. An inductive
approach to coding was used to read and interpret FGDs and develop codes and themes that emerge to
answer our research question. In addition to the inductive approach, a deductive approach to coding was also
utilized. Combining inductive and deductive approaches to coding can be seen as a hybrid coding process
that allows themes to emerge from the data, literature, and theoretical frameworks that guided this study
(Fereday and Muir-Cochrane 2006). This hybrid approach to coding has been used recently by Jakku et al.
(2019) to code interview data on the benefits and opportunities of smart farming among Australian grain
industry stakeholders.

A codebook was developed following the procedure outlined by Macqueen et al. (1998). Data were re-
read, and initial coding was performed on FGDs. The initial coding allows for multiple pages of textual data
to be reduced to important and manageable segments that can be further used in analyzing the data in the
next stage (Bailey 2006). After the initial coding, axial coding was performed to identify and combine codes
that emerged from the larger classifications that included multiple codes. In the third step, selective coding
was applied, where themes emerged from the axial coding process following the labeling important textual
segments with codes and combing codes that incorporate similar codes and categorizing them into themes.
The themes that emerged were further refined and modified in the fourth step, reflecting the FGD
transcripts. The codebook generated after this process was applied to the remaining FGDs. The qualitative
program NVivo QSR 12 software was used to organize and manage the coding process, update the
codebook, and document the description of themes and codes. Supplementary document renders Tables 1
and 2 to describe the analytical coding process used in this paper. Quantitative survey data was analyzed
through standard descriptive statistical techniques.

Results

In proposing DSSs as techno-scientific solutions to social and environmental problems, PA developers
described the interactions they expect to occur between emerging PA technologies and society. While study
participants invoked social and ecological issues to motivate PA research, these discussions were quickly
subsumed by the possibilities and perils offered to society by the technology. The depictions of the
interaction between DSSs and society in these discourses often followed a technologically determinist path,
where participants envisioned greater DSS use to improve social outcomes for the users. Yet many other
participants highlighted that agricultural DSSs are disrupting social, economic, environmental and
technological relationships in the agriculture sector. These technologies can pose wide-ranging
repercussions for a network of agricultural stakeholders.

Knowledge production and intellectual property
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Some participants explained that agricultural DSSs are disrupting existing competencies and experiential
knowledge for a range of agricultural stakeholders. Processing AI-based models require the collection,
curation, and analysis of large data sets. Most farmers in South Dakota or Vermont do not possess the
capacity to store or analyze large datasets. For instance, a non-profit worker from South Dakota reflected on
her interactions with farmers: ‘A lot of times they lay out a bunch of memory cards [with large data sets
stored in them] in front of you – “well, here it is” – they haven’t done anything with it.’ The process
required for moving from data to information and knowledge is changing the requirements for skills in
agriculture. For example, a University Extension worker in Vermont perceived a ‘skilled farmer’ as
someone who embraced data science: ‘The best farmers are observational data collectors, every single
minute of every single day. They may not perceive themselves as data scientists, but information collectors.’

The reality, however, is different. The average age of a farmer in the US is 60 years and most of them are
hesitant about how to adapt to rapidly changing farm work. A Vermont farmer remarked:

So now, are we just layering additional requirements on what it takes to be a farmer? Now, you've got to be
really good at technology and we all know the troubles we have when you come in in the morning and your
computer doesn't boot up. You know, add your drone and your tractor with GPS, and then you spend your whole
day on the line with tech support?

A South Dakota farmer lamented that many of the DSS-based recommendations required them to make
significantly new investments and changes to their farm operation:

They [agritech] can throw all the yield map analysis and all the soil analysis at us, but if they are not able to
translate that into software or peripherals that will make my plan to run, none of it does me any good. The gap I
see is the transition from having the information to making it work.

As one South Dakota farmer highlighted: ‘I would say mercy on the tools. I wish the industry would stop
developing things and start figuring out how to use them, because it is pointless.’

Overwhelmingly, farmers feel as if they are losing autonomy over the equipment they purchase, insofar
as their consent agreements prevent them from repairing their PA equipment. Regarding this issue, a
technology developer in Vermont that developed robots for the dairy industry said: ‘Our model is similar to
other large agricultural equipment developers that you have to be a certified qualified tech to work on a
robot, you can’t touch it yourself and it requires a trade person to work on it. So I mean, we kind of have the
same concept with John Deere as far as accessibility to the equipment, and a lot of that goes back to safety
and proprietary, you know, investment, things that we've done that are secure.’ But then there’s not only the
issue of repairing equipment, a farmer in South Dakota remarked:

Maintaining the hardware isn't bad, it's all the subscriptions I got to pay every year to keep it running. It's the
software that's more expensive in the long run than the hardware, and they know that. I mean Deere knows that,
Climate knows that, Trimble knows that.

Reconfiguration of farm labor

Social applications of DSSs were mostly envisioned as a workforce augmentation strategy, or assisting farm
workers in improving on existing tasks, but not replacing the farmer themselves. A PA technology developer
in the Midwest defined DSSs as ‘supporting management decisions for improved resource-use efficiency.’ A
South Dakota farmer explained: ‘They [agritech] are collecting yield data, lots of weather data, soil
conditions data. The challenge is making that all work together. We need someone to analyze, someone in
the middle that can actually move that through.’ Participants provided several interventions that could ease
the process of workforce augmentation. One was to prepare farm advisors for a new kind of role, which was
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to interpret the recommendations coming out of an AI-based model, instead of relying on their own intuition
or knowledge. A South Dakota farm advisor observed that there is

still going to be a need for people that can explain the why [results of the model] to a grower who is looking to
implement a practice … More recently, my job is to open the ‘black box’ up and explain to the farmer what it is
inside it. Therefore, it is still important to have those boots on the ground.

Similarly, some participants imagined that the role of the farmer will change too, but remain important
for ground-truthing or field-checking model recommendations. A South Dakota farm advisor noted that:

I feel like the farmers’ knowledge of the field and the history of it is really important, because they can pick out
zones and areas of the field they know aren’t producing well. That way we can make recommendations made by
AI more suitable for farmers’ fields.

However, not everyone imagined farmers to remain important in the near future. A Midwestern technology
developer encouraged a future of farmerless farms:

Our [firm’s] concept is complete autonomy. Maybe it’s called level five autonomy. It’s the idea that a human
does not need to physically sit in the machine. Today, when we farm, farmers are pushing hard in the middle of
the night trying to get harvest done and they get tired out. But the [autonomous] machines will not get tired.

There seems to be a demand for a fully autonomous farming system as explained by a Midwestern PA
technology developer:

Some of the conversation we’re having with our clients is that they want the easy button. It’s like McDonalds.
You know, the hamburger cooks itself and it’s all just the recipe and all you need is a button pusher. You may not
even require having any skill, really that is my perception.

Concern about who will get displaced as a result of digitalization troubled some of the workshop
participants. A non-profit worker in the Midwest explained this sociological phenomenon:

I want to comment on this idea that the advancement of technology in agriculture will promote workers and
create opportunities for small farms. History tells us that doesn’t happen. Small rural towns had all died in the
previous technological transformation and what killed it was not the tractor, but that because of the tractor, you
consolidated into larger farms that needed less labor. So, you want to be very careful when managing the
transition to PA that you're not compounding that issue. Rather than more jobs, you’re very likely looking at
fewer jobs.

Indeed, the transition to preparing the agricultural workforce from an analog to a digital setting requires not
only the fundamental rewiring of the labor force, but also examining this transition under the broader
political economy of agriculture.

Data exclusions

Discussions on the effectiveness of workforce augmentation or better human-machine partnerships touched
upon socially and politically sensitive issues such as data privacy, trust, and access. Indeed, most
participants across the food value chain agreed that farmers lack confidence in the recommendations made
by site-specific data (Figure 1). A South Dakota farmer explained their hesitance to trust recommendations
made by their DSS:

The field imagery that I got from Climate FieldView showed some areas of the field not doing so well [yield-
wise]. And the plants they were calling as poor health, in fact yielded five bushel an acre better. I went into the
field and found that it was just the shape of that corn plant that the field imagery was picking up and labeling as
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bad. It was just the shape. One was more upright and the other was more bent. It was picking up that difference
and calling that plant health difference.

DSS technology developers and proponents of DSS argued that some of this uncertainty in the
recommendations made by DSSs stem from the model’s inability to accurately control for the variability
found in natural systems. A Midwestern technology developer provided an explanation: ‘Agronomy isn’t
black and white. There’s a lot of grey area in that, and computers and technology have a problem in the grey
area … Unless we’re putting a bubble over a field, we can’t control the environment.’ Indeed, some of their
recommendations is to do just that: collect data from each and every possible square inch of the field to
visualize and interpret the ecological complexity of agriculture more reliably. A Midwestern technology
developer’s solution was to collect more data:

We need to measure probably every 10 square feet and maybe up to 100 square feet – do a soil test in every
single one of those plots on the field. The only reason we can’t do that right now is because the device is too
expensive. It would be possible, however, if there was a way to produce low-cost biodegradable sensors. In fact,
somewhere between three and ten years, the technology may be more affordable than we imagine.

Social differentiation

But other social actors in the food system are worried that agritech’s technologically driven view of social
progress may rely on the identification of social issues that are only amenable to interventions using DSSs.
Deeper and systemic challenges pertaining to the political economy of agriculture may be ignored in this
process. The present digital transformation in agriculture can disproportionately impact farms of different
sizes and marginalized workers across axes of social difference. A South Dakota farmer questioned whether
some of the PA tools were even effectual for small farmers: ‘I mean, it is challenging to get a return on
investment on some of these PA technologies if you don't have enough acres or volume to spread it over.’ As
shown in Figure 2, most participants agree that PA tools are effectual for large farms only. With respect to
DSSs internal biases favoring largeholding farmers, smallholders feel increasingly marginalized in the
political economy of agriculture. According to a non-profit worker in South Dakota: ‘It becomes ‘the big get
bigger.’ Look at our population; less than 2% of people are in the agriculture sector. So if we keep knocking
more out of that 2 percent, the disconnect becomes bigger.’

Figure 1. This figure illustrates data from the survey question: ‘The following are potential challenges and/or
concerns related to farmers’ adoption of PA technologies. Please rate your agreement or disagreement with the
following statements: Farmers lack confidence in the agronomic recommendations made based on site-specific
data (e.g. yield maps, GPS soil sampling, remote sensing).’ The data was disaggregated into four sections of the
food system ranging from farmers to the industry. Y-axis shows the percentage of responses for each category of
the survey question, ranging from ‘Don’t Know’ to ‘Strongly Agree.’ There were no responses recorded under the
category ‘strongly disagree.’
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Just as some PA technologies are financially and technically ineffectual for large farms, these
technologies are being developed with a specific kind of farming system in mind. A PA hardware developer
in Vermont explained:

In the industry, we're seeing, sort of, call it ‘consolidation,’ or monoculture emerging in the technologies as well.
So, you know, row crops are the first target for PA because you have a ton of land you can manage all with the
same method, all have the same big data set, to learn about it. And the small producers or the diverse producers
are left out because it's not an attractive economic target. But it also reduces the resiliency to have people like
John Deere or Monsanto or Syngenta, you know, playing such a large role in controlling so much production.

An extension agent from Vermont reiterated these worries of exaggerated corporate control of land and now
AI:

The business community has a full record of selling you things that are harmful. Think about opiates, DDT in
agriculture. When the power gets concentrated, there's not a diversity in the economy, and there's not
competition. That invites these kinds of problems. And that's what I get concerned about, within the AI industry
of that concentration, of that concentration of data.

Ameliorating the negative impacts of corporate consolidation of farming systems and control over farming
data will necessitate additional regulation of DSSs.

Currently, there are limited regulations on AI in agriculture and most of them are soft or informal
regulation in the form of principles and guidelines that have been developed in the US and elsewhere. For
instance, for AI, in general, Jobin, Ienca, and Vayena (2019) identified 11 ethical values and principles for
AI, including: ‘transparency, justice and fairness, non-maleficence, responsibility, privacy, beneficence,
freedom and autonomy, trust, dignity, sustainability, and solidarity’ (Jobin, Ienca, and Vayena 2019, 391).
Ryan (2022) compared Jobin, Ienca, and Vayena’s (2019) 11 ethical guidelines with their relevance and
importance to AI in agriculture and found that some principles were fairly harmonious between agriculture
AI literature and AI ethics guidelines in general, such as ‘privacy’ and ‘responsibility.’ The regulation of AI
was a deeply important matter discussed by some focus group participants, including an academic from
Vermont:

In the agricultural community, concerns around privacy and trust issues are most heightened. There's a higher
level of lack of trust in government. We need a Bill of Rights or AI Bill of Rights. We need to have clarity
around AI and then there need to be universal standards, global standards that are negotiated through treaties.

Figure 2. This figure illustrates data from the survey question: ‘The following are potential challenges and/or
concerns related to farmers’ adoption of PA technologies. Please rate your agreement or disagreement with the
following statements: PA technologies are only beneficial for big farms.’ The data was disaggregated into four
sections of the food system ranging from farmers to the industry. Y-axis shows the percentage of responses for
each category of the survey question (e.g. Don’t Know, Strongly Agree).
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There’s clear consensus on land ownership: Who owns what, when, where and how? And they need to get on it
[for AI] ASAP. The challenge, I feel, is the genie is already out of the bottle. And so how do you stop and
unwind on the rolling of a technology that's already in the market? Can you then have John Deere recall their
tractors and change that up? Can you undo contract laws where farmers are signing off on genetically modified
seed production and, basically, are now leasing their land to a global company?

Participants’ affective responses captured within FGDs and subsequent survey questionnaire provide
invaluable insights into the social dimensions of DSSs, grist for developing more responsible iterations of
these technologies.

Discussion: leveraging agricultural stakeholder’s lived experiences with PA to inform
future innovation and governance of DSSs

DSSs are changing the nature of farming, redefining social practices and meanings in agriculture. At the
same time, these hardware-software re-configurations augment farmers’ ability to potentially achieve
improved farming decisions. Our results show that participants across the food value chain are generally
optimistic about the potential of these technologies to effectively integrate with farm work. Technology
always puts humans into a dance with it, and it is through these interactions that the agency continues to
move like a pendulum between humans and machines (Orlikowski 2005). Many commentators, such as
Clark and Chalmers (1998) and Heersmink (2017), argue that technology extends human cognition to
broader socio-technical systems and the strength of the human-artifact coupling or workforce augmentation
requires not only reliable, dependable, and accessible technology, but also humans to ‘ … develop new
skills, share competencies, and negotiate for agency and autonomy’ (Duus, Cooray, and Page 2018, 1). But
developing new skills does not necessarily imply that farmers’ tacit knowledge is ignored or considered
obsolete. Instead, it would require carefully managing the integration between what is already known to
workers and how DSSs can enhance that knowledge. Indeed, Lindblom et al. (2017) associate the low
reception of agricultural DSSs to the disconnect between scientists and technology developers who do not
regard the levels of knowledge and actual needs of the farmers who are the end-users of the technology.
When considering the adoption of DSSs, developers should factor in the issues of observability, perceived
complexities of DSSs, unfriendly user interfaces, ambiguous data input requirements, low adaptability to
peculiar farm situations, irregular information updates, low motivation to learn and adopt novel practices, as
well as unwillingness to entertain the possibility of having new advisors (Carberry et al. 2002; Hochman and
Carberry 2011; Jakku and Thorburn 2010). Rose et al. (2018) note that a major reason for the success (or
lack thereof) of DSSs can, however, be attributed to the participation and involvement of farmers in the
design and development of technologies. Moving forward, DSS developers should program the technologies
to recognize local knowledge and design the interface to facilitate the co-creation of knowledge.
Community-based participatory approach to technology development can allow for creating novel DSS that
integrates farmers’ tacit, contextually specific information, and enables a powerful source of information to
enrich AI models. Integrating farmers’ experiential knowledge in AI models can also show respect to the
farming community and has the potential to improve farmers’ trust in DSS.

Several participatory approaches, such as a living laboratories approach, can be used for testing new
DSSs technologies that can enhance users’ trust and attend to broader environmental concerns. Living labs
are environments, physical or otherwise, in which innovators, private and public entities and end-users
collaborate in the creation and development of products and services (Schuurman, De Marez, and Ballon
2016). They are transdisciplinary and multi-methodological in nature, and consist of two essential
principles: (1) end-users are co-creators of the product or service under development from stages of idea
formation to implementation and evaluation; (2) the product or service is tested in a real-life environment
with realistic conditions (Claude et al. 2017). Each party involved in a Living Lab provides unique value to
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the collaboration. Innovators typically supply the means to create the product or service. End-users co-create
by providing insight into their needs and expectations of a given innovation and serve as evaluators for its
continued improvement. Public agencies initiate market demand for the product or service of the Living Lab
(Bergvall-Kareborn and Stahlbrost 2009), and other partnerships extend their expertise and ensure that
expectations are met from all parties involved (Bergvall-Kareborn and Stahlbrost 2009). We contend that
Living Labs could become more prevalent as a process of co-designing and co-evaluating new DSSs. We are
already seeing the establishment of several living labs in the agricultural sustainability context in North
America. For instance, the agricultural sustainability living labs at the AcadieLab (https://www.rang3.org/le-
labo) and recent initiative by the Government of Canada launching its own Living Laboratory Initiative to
promote user-centered approaches to farming technologies (http://www.agr.gc.ca/livinglab), are some ways
in which early and iterative engagement in upstream design processes are bringing diverse users closer to
the process of agricultural technology development. Similar initiatives in the European Union are being
developed for social innovation in marginalized rural areas (see for example: https://liverur.eu/tag/simra/).

However, living labs are not simply a panacea for achieving social sustainability in agriculture (Van
Geenhuizen 2019). Researchers and practitioners should ensure that these collaborative and generative
innovation spaces can truly serve RI goals. Many living labs are brought to life for instrumental business
value, such as to introduce new products to market (Bergvall-Kareborn and Stahlbrost 2009), rather than to
achieve broader societal goals such as improving democratic participation or addressing ethical concerns
related to new technologies. Van Geenhuizen (2019) discuss some of the limitations with existing living
labs, and how these spaces can become more inclusive and purposive for achieving RI goals. They argue,
for instance that a living lab should encourage participation of stakeholders with divergent interests and in
this process acknowledge the unequal relations of power between and among them. RI goals can be
achieved if the living lab is able to activate stronger and sustained level of support to those that are in a
weaker position of power. The living lab should switch from its traditional focus on achieving project
outcomes through means-goal effectiveness criteria, to broadening participation and positively impacting
both farming and non-farming community. This requires setting up living labs to strive for other criteria of
success that go beyond a single sector (agriculture) or outcome (economic profitability) to other ethical and
normative principles of sustainability, like farm work safety, soil health, and rural quality of life. Framed
around principles of responsible innovation, the Living Lab approach to designing DSSs may foster the
production of equitable, ethical and ecologically sustainable PA technologies.

Attending to the broader notions of sustainability – beyond economic and environment – necessitates
innovators and regulators of DSSs to become more responsive to society through ‘opening up the
governance of science and technology to wider public values and internal reflection’ (Chilvers and Kearnes
2016, 8). In the last several decades, scholars in the social studies of science have sought to open spaces for
engagement and dialogue on risks and benefits of science and technology (Rowe and Frewer 2005). Several
theoretical and methodological frameworks, such as ‘post normal science’ (Funtowicz and Ravetz 1993),
constructive technology assessment (Rip, Schot, and Misa 1995), ‘anticipatory governance’ (Guston 2000),
and responsible innovation (Owen et al. 2013) have been proposed to ease tensions between innovation and
the presence or absence of democratic participation. The RI framework attempts to create avenues for active
engagement of the public in science and innovation. It demands innovators to seek novel approaches to
public participation that require going beyond a simple calculation of economic and environmental risks and
benefits to including elements of anticipation and speculative foresight involving non-technical communities
of interest (Hellstrom 2003). Through well-crafted deliberation processes, social actors and organizations in
the food system can anticipate diverse transition pathways – thereby adding alternatives to what is assumed
to be normal. These arenas can help generate a range of perspectives, interests, and concerns of
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heterogeneous actors in the food system. Perhaps providing farmers the space to speak and the tools to
create can prove to be a partial panacea to social frictions caused by PA.

Conclusion

The greatest predicament of modernity is that the development of new technologies in addition to producing
benefits also produces risks. The benefits and risks of DSSs by advances in big data, IoT, and AI are not
entirely predictable, and by virtue of their newness, have little or no historical precedent. Our results
highlight that the implementation of DSSs in the world outside of the laboratory calls for a deeper
understanding of the interactions between technology and society. On one hand, technologies shape the
social and cultural processes of their production and use. On the other, the process of designing technology
and governance mechanisms involves social as well as technical choices. Our results suggest that the
innovation system is complex and some actors possess a dominant influence on the development, diffusion,
management, and control of technology. Specifically, the agritech firms wield a disproportionate influence
over the current political economy of agriculture. Their profitable technologies of PA are positioned as
‘smart’ responses to ecological crises within food production systems. Yet the proprietary configuration of
PA technologies often dispossesses farmers of data and requires consistent capital investment, exacerbating
agrarian distress among marginalized farmers. Agricultural DSSs are hardware and software technologies of
PA that transform agronomic data gathered about the food production system into ostensibly ‘accurate’
farming recommendations. DSSs fall within a genealogy of PA technologies that unevenly distribute
benefits and burdens throughout the value chain.

Utilizing a mixed methods approach that consisted of focus group discussions and follow-up survey
questionnaire, we highlight the experiences and affectations of heterogeneous food system actors from
Vermont and South Dakota. Farmers expressed concern about how proprietary exclusions of DSSs transform
knowledge production and human-machine interactions. Farmers were dismayed by the potential for PA
technologies like DSSs to render their labor redundant, reconfiguring the food production system into ‘ghost
farms’ without humans. Biases internal to DSSs that favor large-scale monocropped farming systems
produce social differentiation and exacerbate social power asymmetries throughout the value chain. Focus
group participants were troubled by the lack of regulation around DSSs and envisioned new policies (e.g.
PA ‘bill of rights) that protect users from agritech predation. Focus group discussions served as forums of
open deliberation about DSSs. As such, participant responses could be used by PA developers to equitably
and ethically redesign DSS technologies under the auspice of engendering data sovereignty for users.
Likewise, our study extends this normative prescription to policymakers in pursuit of regulatory frameworks
for PA. Inclusive processes of open deliberation are modalities of responsible innovation, tasked with
mitigating frictions within socio-technical systems. The future of farming is unwritten; may authorship
reside with farmers instead of machines.

Acknowledgements

We thank the two anonymous reviewers and the handling editor of Journal of Responsible Innovation for valuable
comments on the previous versions of this manuscript. Any opinions, findings, and conclusions or recommendations
expressed in this material are those of the authors and do not necessarily reflect the views of the National Science
Foundation or the people acknowledged in this statement.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This work was supported by National Science Foundation [grant number 2202706, 2026431].



7/17/22, 9:39 PM In pursuit of responsible innovation for precision agriculture technologies

https://www.tandfonline.com/doi/epub/10.1080/23299460.2022.2071668?needAccess=true 16/19

Notes on contributors

Maaz Gardezi is an Assistant Professor of Sociology at Virginia Tech, USA. Through his research and teaching, he uses
interdisciplinary theories and mixed methods to examine the ever-evolving relationships between emerging
technologies, environment, and agrarian communities. His recent research focuses on generating responsible innovation
and governance approaches for precision agriculture technologies.

Damilola Tobiloba Adereti is a Ph.D. student in Sociology & Rural Studies at South Dakota State University, USA.
His research interests include sustainable food security, anticipatory governance, and socio-ethical implications of digital
technologies in agriculture, especially in developing nations. His other areas of interest include children and youth in
agriculture and rural community development.

Ryan Stock is an Assistant Professor in the Department of Earth, Environmental and Geographical Sciences at
Northern Michigan University, USA. He is a political ecologist whose work examines the political economy of
environmental change, intersectional social difference, development interventions and agrarian transformation.

Ayorinde Ogunyiola is a post-doctoral researcher in the Department of Forestry and Natural Resources at Purdue
University, USA. His research interests include climate-smart agriculture (CSA) and development, and the socio-ethical
implication of digital technologies on society.

References
American Farm Bureau Federation, Washington, D.C. 2016. Farm Bureau Survey: Farmers Want to Control Their Own

Data American Farm Bureau Federation. https://www.fb.org/newsroom/farm-bureau-survey-farmers-want-to-
control-their-own-data.

Arbuckle, J. G. 2019. “Iowa Farm and Rural Life Poll: 2019 Summary Report.” Iowa State University Extension Store
SOC 3090.

Bailey, C. A. 2006. A Guide to Qualitative Research. Thousand Oaks: SAGE Publication.
Balafoutis, A., B. Beck, S. Fountas, J. Vangeyte, T. Van Der Wal, I. Soto, M. Gómez-Barbero, A. Barnes, and V. Eory.

2017. “Precision Agriculture Technologies Positively Contributing to GHG Emissions Mitigation, Farm
Productivity and Economics.” Sustainability 9 (8): 1339. .

Banerjee, A., T. Bandyopadhyay, and P. Acharya. 2013. “Data Analytics: Hyped up Aspirations or True Potential?”
Vikalpa 38 (4): 1–12.

Barrett, H., and D. C. Rose. 2020. “Perceptions of the Fourth Agricultural Revolution: What’s in, What’s Out, and What
Consequences are Anticipated?” Sociologia Ruralis, .

Beck, U. 1995. Ecological Politics in an Age of Risk. Cambridge: Polity Press.
Bergvall-Kareborn, B., and A. Stahlbrost. 2009. “Living Lab: An Open and Citizen-Centric Approach for Innovation.”

International Journal of Innovation and Regional Development 1 (4): 356–370.
Bongiovanni, R., and J. Lowenberg-DeBoer. 2004. “Precision Agriculture and Sustainability.” Precision Agriculture 5

(4): 359–387.
Bronson, K. 2019. “Looking Through a Responsible Innovation Lens at Uneven Engagements with Digital Farming.”

NJAS-Wageningen Journal of Life Sciences 90: 100294.
Bronson, K. 2020. “A Digital “Revolution” in Agriculture?: Critically Viewing Digital Innovations Through a

Regenerative Food Systems Lens.” In Routledge Handbook of Sustainable and Regenerative Food Systems, edited
By Jessica Duncan, Michael Carolan, Johannes S. C. Wiskerke, 336–349. London: Routledge.

Bronson, K., and I. Knezevic. 2016. “Big Data in Food and Agriculture.” Big Data & Society 3. .
Burton, J. F., S. Peoples, and M. H. Cooper. 2012. “Building ‘Cowshed Cultures’: A Cultural Perspective on the

Promotion of Stockmanship and Animal Welfare on Dairy Farms.” Journal of Rural Studies 28: 174–187.
Carberry, P. S., Z. Hochman, R. L. McCown, N. P. Dalgliesh, M. A. Foale, P. L. Poulton, and M. J. Robertson. 2002.

“The FARMSCAPE Approach to Decision Support: Farmers’, Advisers’, Researchers’ Monitoring, Simulation,
Communication and Performance Evaluation.” Agricultural Systems 74 (1): 141–177.

Carolan, M. 2017. “Publicising Food: Big Data, Precision Agriculture, and co-Experimental Techniques of Addition.”
Sociologia Ruralis 57 (2): 135–154.

Carson, R. 1962. Silent Spring. New York City: Houghton Mifflin Company.
Chilvers, J., and M. Kearnes. 2016. “Science, Democracy and Emergent Publics.” In Remaking Participation, edited by

J. Chilvers and M. Kearnes, 19–46. London: Routledge.
Clark, A., and D. Chalmers. 1998. “The Extended Mind.” Analysis 58 (1): 7–19.
Claude, S., S. Ginestet, M. Bonhomme, N. Moulène, and G. Escadeillas. 2017. “The Living Lab Methodology for

Complex Environments: Insights from the Thermal Refurbishment of a Historical District in the City of Cahors,

https://www.fb.org/newsroom/farm-bureau-survey-farmers-want-to-control-their-own-data


7/17/22, 9:39 PM In pursuit of responsible innovation for precision agriculture technologies

https://www.tandfonline.com/doi/epub/10.1080/23299460.2022.2071668?needAccess=true 17/19

France.” Energy Research & Social Science 32: 121–130.
Crawford, K., and D. Boyd. 2012. “Critical Questions for Big Data.” Information, Communication & Society 15: 662–

679.
Crawford, K., K. Miltner, and M. L. Gray. 2014. “Critiquing Big Data: Politics, Ethics, Epistemology.” International

Journal of Communication 8: 1663–1672.
Creswell, J. W., V. L. Plano Clark, M. Guttman, and W. Hanson. 2003. “Advanced Mixed Methods Research Designs.”

In Handbook on Mixed Methods in the Behavioral and Social Sciences, edited by A. Tashakkori, and C. Teddlie,
209–240. Thousand Oaks, CA: Sage Publications.

Duus, R., M. Cooray, and N. C. Page. 2018. “Exploring Human-Tech Hybridity at the Intersection of Extended
Cognition and Distributed Agency: A Focus on Self-Tracking Devices.” Frontiers in Psychology 9: 1432.

Eastwood, C. R., D. F. Chapman, and M. S. Paine. 2012. “Networks of Practice for co-Construction of Agricultural
Decision Support Systems: Case Studies of Precision Dairy Farms in Australia.” Agricultural Systems 108: 10–18.

Eastwood, C., L. Klerkx, M. Ayre, and B. Dela Rue. 2017a. “Managing Socio-Ethical Challenges in the Development of
Smart Farming: From a Fragmented to a Comprehensive Approach for Responsible Research and Innovation.”
Journal of Agricultural and Environmental Ethics, 1–28. .

Eastwood, C., L. Klerkx, and R. Nettle. 2017b. “Dynamics and Distribution of Public and Private Research and
Extension Roles for Technological Innovation and Diffusion: Case Studies of the Implementation and Adaptation
of Precision Farming Technologies.” Journal of Rural Studies 49: 1–12.

El Bilali, H., and M. S. Allahyari. 2018. “Transition Towards Sustainability in Agriculture and Food Systems: Role of
Information and Communication Technologies.” Information Processing in Agriculture 5, .

Fennimore, S. A. 2017. “Automated Weed Control: New Technology to Solve an Old Problem in Vegetable Crops.”
Conference Presentation at ASA Section: Agronomic Production Systems.

Fereday, J., and E. Muir-Cochrane. 2006. “Demonstrating Rigor Using Thematic Analysis: A Hybrid Approach of
Inductive and Deductive Coding and Theme Development.” International Journal of Qualitative Methods 5: 80–
92.

Fielke, S., B. Taylor, and E. Jakku. 2020. “Digitalisation of Agricultural Knowledge and Advice Networks: A State-of-
the-art Review.” Agricultural Systems 180: 102763.

Finn, R., and A. Donovan. 2016. “Big Data, Drone Data: Privacy and Ethical Impacts of the Intersection Between big
Data and Civil Drone Deployments.” In The Future of Drone Use, edited by Bart Custers, 47–67. The Hague: TMC
Asser Press.

Fisher, E., and A. Rip. 2013. “Responsible Innovation: Multi-Level Dynamics and Soft Intervention Practices.” In
Responsible Innovation: Managing the Responsible Emergence of Science and Innovation in Society, edited by
Richard Owen, John R. Bessant, and Maggy Heintz, 165–183. Chichester: Wiley.

Fraser, A. 2019. “Land Grab/Data Grab: Precision Agriculture and its new Horizons.” The Journal of Peasant Studies 46
(5): 893–912.

Friedmann, H. 2009. “Feeding the Empire: The Pathologies of Globalized Agriculture.” Socialist Register 41: 124–143.
Friedmann, H., and P. McMichael. 1987. “Agriculture and the State System: The Rise and Fall of National Agricultures,

1870 to the Present.” Sociologia Ruralis 29 (2): 93–117.
Funtowicz, S., and J. Ravetz. 1993. “Science for the Post-Normal age.” Futures 25 (7): 739–755.
Gardezi, M., and K. Bronson. 2019. “Examining the Social and Biophysical Determinants of US Midwestern Corn

Farmers’ Adoption of Precision Agriculture.” Precision Agriculture 21: 549–568.
Gardezi, M., and R. Stock. 2021. “Growing Algorithmic Governmentality: Interrogating the Social Construction of Trust

in Precision Agriculture.” Journal of Rural Studies 84: 1–11.
Ghost Farm. 2018. The Magic School Bus Rides Again (Season 2, Episode 3) Netflix series, April 13.
Guston, D. 2000. Between Politics and Science. Cambridge: Cambridge University Press.
Gutiérrez, F., N. N. Htun, F. Schlenz, A. Kasimati, and K. Verbert. 2019. “A Review of Visualisations in Agricultural

Decision Support Systems: An HCI Perspective.” Computers and Electronics in Agriculture 163, .
Hajer, M. 2003. “Policy Without Polity? Policy Analysis and the Institutional Void.” Policy Science 36: 175–195. .
Heersmink, R. 2017. “Extended Mind and Cognitive Enhancement: Moral Aspects of Cognitive Artifacts.”

Phenomenology and the Cognitive Sciences 16 (1): 17–32.
Hellstrom, T. 2003. “Systemic Innovation and Risk: Technology Assessment and the Challenge of Responsible

Innovation.” Technology in Society 25: 369–384.
Hennessy, T., D. Läpple, and B. Moran. 2016. “The Digital Divide in Farming: A Problem of Access or Engagement?”

Applied Economic Perspectives and Policy 38: 474–491. .
Hochman, Z., and P. S. Carberry. 2011. “Emerging Consensus on Desirable Characteristics of Tools to Support Farmers’

Management of Climate Risk in Australia.” Agricultural Systems 104 (6): 441–450.
Huang, M. H., R. Rust, and V. Maksimovic. 2019. “The Feeling Economy: Managing in the Next Generation of

Artificial Intelligence (AI).” California Management Review 61 (4): 43–65.
Jakku, E., B. Taylor, A. Fleming, C. Mason, S. Fielke, C. Sounness, and P. Thorburn. 2019. “If They Don’t Tell us What

They do with it, why Would we Trust Them? Trust, Transparency and Benefit-Sharing in Smart Farming.” NJAS-



7/17/22, 9:39 PM In pursuit of responsible innovation for precision agriculture technologies

https://www.tandfonline.com/doi/epub/10.1080/23299460.2022.2071668?needAccess=true 18/19

Wageningen Journal of Life Sciences 90, .
Jakku, E., and P. J. Thorburn. 2010. “A Conceptual Framework for Guiding the Participatory Development of

Agricultural Decision Support Systems.” Agricultural Systems 103 (9): 675–682.
Jirotka, M., B. Grimpe, B. Stahl, G. Eden, and M. Hartswood. 2017. “Responsible Research and Innovation in the

Digital age.” Communications of the ACM 60 (5): 62–68.
Jobin, A., M. Ienca, and E. Vayena. 2019. “The Global Landscape of AI Ethics Guidelines.” Nature Machine

Intelligence 1 (9): 389–399.
Johnson, D. G. 2012. Computer Ethics. 3rd ed. Upper Saddle River, NJ: Prentice-Hall.
Kamilaris, A., A. Kartakoullis, and F. X. Prenafeta-Boldú. 2017. “A Review on the Practice of Big Data Analysis in

Agriculture.” Computers and Electronics in Agriculture 143: 23–37.
Klerkx, L., E. Jakku, and P. Labarthe. 2019. “A Review of Social Science on Digital Agriculture, Smart Farming and

Agriculture 4.0: New Contributions and a Future Research Agenda.” NJAS-Wageningen Journal of Life Sciences
90: 100315.

Klerkx, L., and D. Rose. 2020. “Dealing with the Game-Changing Technologies of Agriculture 4.0: How do we Manage
Diversity and Responsibility in Food System Transition Pathways?” Global Food Security 24, .

Klerkx, L., S. van Bommel, B. Bos, H. Holster, J. V. Zwartkruis, and N. Aarts. 2012. “Design Process Outputs as
Boundary Objects in Agricultural Innovation Projects: Functions and Limitations.” Agricultural Systems 113: 39–
49. .

Lemos, M. C., Y. J. Lo, C. Kirchhoff, and T. Haigh. 2014. “Crop Advisors as Climate Information Brokers: Building the
Capacity of US Farmers to Adapt to Climate Change.” Climate Risk Management 4: 32–42.

Lindblom, J., C. Lundström, M. Ljung, and A. Jonsson. 2017. “Promoting Sustainable Intensification in Precision
Agriculture: Review of Decision Support Systems Development and Strategies.” Precision Agriculture 18 (3): 309–
331.

Lottes, P., R. Khanna, J. Pfeifer, R. Siewart, and C. Stachniss. 2017. “UAV-Based Crop and Weed Classification for
Smart Farming.” Proceedings of the IEE International Conference on Robotics and Automation, 3024–3031.

López, I. D., and J. C. Corrales. 2018. “A Smart Farming Approach in Automatic Detection of Favorable Conditions for
Planting and Crop Production in the Upper Basin of Cauca River.” Advances in Intelligent Systems and Computing
687: 223–233. .

Lundström, C., and J. Lindblom. 2018. “Considering Farmers’ Situated Knowledge of Using Agricultural Decision
Support Systems (AgriDSS) to Foster Farming Practices: The Case of CropSAT.” Agricultural Systems 159: 9–20.

Macnaghten, P. 2015. “A Responsible Innovation Governance Framework for GM Crops.” In Governing Agricultural
Sustainability, edited by P. Macnaghten, and S. W. CarroRipalda, 225–239. London: Earthscan from Routledge.

Macnaghten, P., and J. Chilvers. 2014. “The Future of Science Governance: Publics, Policies, Practices.” Environmental
Planning 32: 530–548. .

Macqueen, K., E. McLellan, K. Kay, and B. Milstein. 1998. “Codebook Development for Team-Based Qualitative
Analysis. Field Methods.” CAM Journal 10 (2): 31–36. .

Marinoudi, V., C. G. Sørensen, S. Pearson, and D. Bochtis. 2019. “Robotics and Labour in Agriculture. A Context
Consideration.” Biosystems Engineering 184: 111–121.

McCown, R. L., Z. Hochman, and P. S. Carberry. 2002. “Probing the Enigma of the Decision Support System for
Farmers: Learning from Experience and from Theory.” Agric. Syst 74: 179–220.

Miles, C. 2019. "The Combine will Tell the Truth: On Precision Agriculture and Algorithmic Rationality." Big data &
Society 6: .

Ogunyiola, A., M. Gardezi, and S. Vij. 2022. "Smallholder Farmers’ Engagement with Climate Smart Agriculture in
Africa: Role of Local Knowledge and Upscaling." Climate Policy 22 (4): 411–426. .

Orlikowski, W. J. 2005. “Material Works: Exploring the Situated Entanglement of Technological Performativity and
Human Agency.” Scandinavian Journal of Information Systems 17 (1): 6.

Owen, R., P. Macnaghten, and J. Stilgoe. 2012. “Responsible Research and Innovation: From Science in Society to
Science for Society, with Society.” Science and Public Policy 39 (6): 751–760.

Owen, R., J. Stilgoe, P. Macnaghten, M. Gorman, E. Fisher, and D. Guston. 2013. “A Framework for Responsible
Innovation.” Responsible Innovation: Managing the Responsible Emergence of Science and Innovation in Society
31: 27–50.

Patton, M. Q. 2002. Qualitative Research and Evaluation Methods. Thousand Oaks, CA: Sage.
President's Council of Advisors on Science and Technology. 2012. Report to the President on Agricultural Preparedness

and the Agriculture Research Enterprise. http://supportagresearch.org/wp-content/uploads/2012/12/PCAST-Ag-
Preparedness-Report-December-2012.pdf.

Regan, Á, S. Green, and P. Maher. 2018. “Smart Farming in Ireland: Anticipating Positive and Negative Impacts
Through a Qualitative Study of Risk and Benefit Perceptions Amongst Expert Actors in the Irish Agri-Food
Sector.” Paper presented at the 13th European International Farm Systems Association Symposium, 1–5 July 2018,
Chania, Greece.

Rip, A., J. Schot, and T. Misa. 1995. Constructive Technology Assessment: A New Paradigm for Managing Technology
in Society. London and New York: Pinter Publishers.

http://supportagresearch.org/wp-content/uploads/2012/12/PCAST-Ag-Preparedness-Report-December-2012.pdf


7/17/22, 9:39 PM In pursuit of responsible innovation for precision agriculture technologies

https://www.tandfonline.com/doi/epub/10.1080/23299460.2022.2071668?needAccess=true 19/19

Rose, D. C., and J. Chilvers. 2018. “Agriculture 4.0: Broadening Responsible Innovation in an era of Smart Farming.”
Frontiers in Sustainable Food Systems 2: 87.

Rose, D. C., C. Parker, J. Fodey, C. Park, W. J. Sutherland, and L. V. Dicks. 2018. “Involving Stakeholders in
Agricultural Decision Support Systems: Improving User-Centred Design.” International Journal of Agricultural
Management 6 (3-4): 80–89.

Rose, D., W. Sutherland, C. Parker, M. Lobley, M. Winter, C. Morris, S. Twining, C. Ffoulkes, T. Amano, and L. V.
Dicks. 2016. “Decision Support Tools for Agriculture: Towards Effective Design and Delivery.” Agricultural
Systems 149: 165–174.

Rose, D. C., R. Wheeler, M. Winter, M. Lobley, and C. A. Chivers. 2021. “Agriculture 4.0: Making it Work for People,
Production, and the Planet.” Land Use Policy 100: 104933.

Rossel, Raphael A. Viscarra, and Johan Bouma. 2016. “Soil Sensing: A New Paradigm for Agriculture.” Agricultural
Systems 148: 71–74.

Rotz, S., E. Gravely, I. Mosby, E. Duncan, E. Finnis, M. Horgan, J. LeBlanc, et al. 2019. “Automated Pastures and the
Digital Divide: How Agricultural Technologies are Shaping Labour and Rural Communities.” Journal of Rural
Studies 68: 112–122. .

Rowe, G., and L. J. Frewer. 2005. “A Typology of Public Engagement Mechanisms.” Science, Technology, & Human
Values 30 (2): 251–290.

Ryan, M. 2022. “The Social and Ethical Impacts of Artificial Intelligence in Agriculture: Mapping the Agricultural AI
Literature.” AI & Society, 1–13. .

Salah, K., M. H. Rehman, N. Nizamuddin, and A. Al-Fuqaha. 2019. “Blockchain for AI: Review and Open Research
Challenges.” IEEE Access 7: 10127–10149.

Schuurman, D., L. De Marez, and P. Ballon. 2016. “The Impact of Living lab Methodology on Open Innovation
Contributions and Outcomes.” Technology Innovation Management Review 6: 7–16.

Smith, M. J. 2018. “Getting Value from Artificial Intelligence in Agriculture.” Animal Production Science 60 (1): 46–54.
Stilgoe, J., R. Owen, and P. Macnaghten. 2013. “Developing a Framework for Responsible Innovation.” Research Policy

42 (9): 1568–1580.
Stock, R., and M. Gardezi. 2021. “Make Bloom and Let Wither: Biopolitics of Precision Agriculture at the Dawn of

Surveillance Capitalism.” Geoforum; Journal of Physical, Human, and Regional Geosciences 122: 193–203.
Stock, R., and M. Gardezi. 2022. “Arrays and Algorithms: Emerging Regimes of Dispossession at the Frontiers of

Agrarian Technological Governance.” Earth System Governance 12 (2022): 100137.
Stucke, M. E., and A. P. Grunes. 2018. An Updated Antitrust Review of the Bayer-Monsanto Merger. The Konkurrenz

Group, 6. https://1bps6437gg8c169i0y1drtgz-wpengine.netdna-ssl.com/wp-content/uploads/2018/03/2018-FINAL-
White-Paper-with-PAN-3-7-2018.pdf.

Syngenta. 2017. “Trending 2050: The future of farming.” Thrive Magazine, Spring. https://www.syngenta-
us.com/thrive/research/future-of-farming.html.

Tsouvalis, J., S. Seymour, and C. Watkins. 2000. "Exploring Knowledge-Cultures: Precision Farming, Yield Mapping,
and the Expert–Farmer Interface." Environment and Planning A 32 (5): 909--924.

Tucker, J. B., and R. A. Zilinskas. 2006. “The Promise and Perils of Synthetic Biology.” The New Atlantis 12: 25–45.
United States Department of Agriculture- National Agricultural Statistical Services. 2019.

https://www.nass.usda.gov/Quick_Stats/Ag_Overview/stateOverview.php?state=SOUTH%20DAKOTA
Van der Burg, S., M. J. Bogaardt, and S. Wolfert. 2019. “Ethics of Smart Farming: Current Questions and Directions for

Responsible Innovation Towards the Future.” NJAS-Wageningen Journal of Life Sciences 90: 100289.
Van Geenhuizen, M. 2019. “Applying an RRI Filter in Key Learning on Urban Living Labs’ Performance.”

Sustainability 11: 3833. .
Von Schomberg, R. 2013. “A Vision of Responsible Research and Innovation.” In Responsible Innovation: Managing

the Responsible Emergence of Science and Innovation in Society edited by Richard Owen, John Bessant, and
Maggy Heintz, 51–74. Chichester: John Wiley and Sons, Ltd.

Vougioukas, Stavros G. 2019. “Agricultural Robotics.” Annual Review of Control, Robotics, and Autonomous Systems 2:
365–392.

Winner, L. 1986. “Do Artifacts Have Politics?” Daedalus 109 (1): 21–136.
Wolfert, S., L. Ge, C. Verdouw, and M. J. Bogaardt. 2017. “Big Data in Smart Farming–a Review.” Agricultural Systems

153: 69–80.
Zhai, Z., J. F. Martínez, V. Beltran, and N. L. Martínez. 2020. “Decision Support Systems for Agriculture 4.0: Survey

and Challenges.” Computers and Electronics in Agriculture 170: 105256.

https://1bps6437gg8c169i0y1drtgz-wpengine.netdna-ssl.com/wp-content/uploads/2018/03/2018-FINAL-White-Paper-with-PAN-3-7-2018.pdf
https://www.syngenta-us.com/thrive/research/future-of-farming.html
https://www.nass.usda.gov/Quick_Stats/Ag_Overview/stateOverview.php?state=SOUTH%20DAKOTA

