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A B S T R A C T

In recent years, digital technologies have become increasingly important in the agri-food system. While such
technologies have been understood to facilitate precision farming practices, digitalisation also may play a key
role in the transition to more sustainable food systems. Given the current knowledge gap in understanding the
perceptions of digitalisation by the diverse stakeholders of organic and agroecological production, this research
holds particular significance. The aim of this paper is to analyse the perception of farmers, farm advisors and
producer organisations, associations and/or cooperatives on the use of digital technologies in organic and ag-
roecological production system in different European countries. A combination of convenience and snowball
sampling methods were used to select participants. Analysis of Variance (ANOVA) and chi-square tests were used
to discern differences within the collected surveys regarding benefits of using digital technologies, the reason
why farmers do not use them, as well as the main barriers, risks and drivers of their use. The results show
differences in perceptions according to the type of stakeholder. Surveyed stakeholders agree that digitalisation
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facilitates communication, exchange of knowledge and experiences between actors. The main barriers to the use
of digital technologies are related to economic aspects, complexity and unsuitability of equipment. The creation
of networks or collaborations between the actors involved to share equipment, costs, exchange knowledge, as
well as governmental financial support were considered the main drivers of digital technologies for organic and
agroecological systems. The results of this study contribute to theorising on the diffusion of innovations and may
be helpful for policy makers and farm advisors as it provides relevant and important information to define and
incorporate solid approaches to digital transformation in an agroecology innovation ecosystem.

1. Introduction

Digital technologies (DTs) have become great allies of agricultural
systems by providing solutions to increase production through more
efficient and sustainable practices [1–4]. DTs are used mainly in preci-
sion or large-scale conventional farming [5–8] to optimize inputs and
resources, improve product quality, reduce workload and environ-
mental impacts, among others [9–11]. Despite this potential of DTs there
are still some questions about the real benefits, as well as the risks,
limitations and/or consequences of the digitalisation of agricultural
production systems [12–15], especially those with a more sustainable
approach [12,16–19].

The European Union recognizes the potential of DTs to contribute to
the environmental and socioeconomic sustainability of agricultural
systems [20,21], therefore, the promotion of knowledge, innovation and
digitalisation is one of the actions prioritised in the CAP Strategic Plan
(2023–2027). This strategy emphasizes both the need to invest in
technologies and the creation of an enabling environment that will help
farmers adopt and effectively use digital technologies [21,22]. However,
the digitalisation strategies for agriculture and rural areas of the member
states include limited considerations on DTs as tools to achieve envi-
ronmental, climate and rural objectives [21]. While the EU views ag-
roecology and digitalisation as "essential" for achieving the goals of the
"Farm to Fork" and "Green Deal" [16], this approachmay pose challenges
and controversies due to potential misalignments between current DTs
and agroecological principles.

Agroecological production systems, as opposed to conventional ones,
focuses on socioeconomic sustainability and environmental conserva-
tion, by integrating ecological principles in locally adapted farming
practices [16,23,24]. Although nowadays many digital tools can be used
in organic and agroecological systems (see section 2.1) [25–29], their
focus on prioritizing economic efficiency and the few and/or real con-
tributions to addressing social and environmental challenges is still
questioned [30–35]. This means that the capacity of DTs to effectively
support agroecology is not clearly demonstrated and continues to pose
significant challenges [19]. Due to the wide diversity of agroecology
criteria (13 agroecological principles) [36], it is suggested that their
compatibility with digitalisation depends on multiple factors, including
the type of user, the adaptive capacity, the purpose for which digital
tools are integrated and/or mobilised in these systems, among others
[16,25,27,37].

The use/adoption of DTs in precision and conventional agricultural
systems has been extensively studied [34,38–42], however, it seems that
the adoption rate is still low and fragmented [4,43]. Osrof et al. [4],
provide a comprehensive overview of the main factors (individual,
organisational, technological and external) affecting the adoption of
DTs. These authors point out that most research has focused on farmers,
so there is a gap in the multi-stakeholder understanding of the factors
influencing the adoption of DTs. Barriers and drivers for the adoption of
DTs may also vary according to country cultures, although a low per-
centage of existing studies have had a cross-country focus. There is
therefore a need to fill this gap with more cross-country studies [4]. In
contrast, studies on the digitalisation of agroecological systems are still
scarce. Previous literature has mentioned, some factors that might in-
fluence farmers’ decisions to adopt or reject DTs in organic and/or ag-
roecological systems [16,29,39,44,45]. However, there is no

comprehensive study that analyses the differing reasons for
non-adoption of DTs and that identifies the main barriers, risks and
drivers in such systems. Furthermore, most of the available research has
focused on specific contexts, leaving significant gaps in the overall un-
derstanding of this topic.

Stakeholders’ perception of the direct and indirect benefits of using
DTs in farming systems is a key factor influencing the willingness to
adopt them [4]. Schnebelin et al. [46], analysed the perception of key
representatives of conventional farming, organic farming and digital
organisations on digital development in French agriculture. However, to
the authors’ knowledge, there is no study that analyses this
multi-stakeholder perception in agroecological production systems
within a broad cross-European context. Schnebelin et al. [46], highlight
the need for further research on farmers’ uses of technologies and for
functional and multi-stakeholder analyses to identify mechanisms to
reduce barriers and encourage incentives. Furthermore, Bellon-Maurel
et al. [47], suggest that future analyses on key aspects of digitalisation
in agroecology should have a multi-stakeholder and participatory
approach.

Some research includes reflections on barriers, risks and drivers of
digitalisation in organic and/or agroecological systems [16,25,27,46,
48]. However, none of these studies analyse these aspects together using
primary information and from a multi-stakeholder approach. Organic
farming and agroecology have common objectives, principles and
drivers. In Europe, most agroecological practices are applied by organic
farmers [16]. Despite this, there are no known previous studies that
analyse digitalisation jointly in these two types of production systems.
Accordingly, the purpose of this study is to analyse the perception of
farmers, farm advisors and producer organisations and/or associations
and/or cooperatives (collectively, POs/PAs/Coops) on the use of DTs in
organic and agroecological production systems in different European
countries. In particular this study investigates the research questions
(RQ):

RQ1: What are the perceptions of farmers, farm advisors and POs/
PAs/Coops on the benefits of digitalisation of organic and agroeco-
logical systems and the differences between the approaches of the
three stakeholders?
RQ2: What are the main reasons for farmers not to use DTs in organic
and agroecological production systems?
RQ3: What perceptions do farmers, farm advisors and POs/PAs/
Coops have about the barriers, risks and drivers of using DTs in
organic and agroecological production and the differences between
the approaches of the three stakeholders?

This study is novel in that it jointly addresses key aspects of digi-
talisation from the approach of three of the main stakeholders in organic
and agroecological production systems in several European countries.
The results will provide relevant information for all actors involved in
these production systems, technology developers and providers, orga-
nisations, research centres and policy makers, who will be able to
identify the aspects that need to be strengthened in relation to the
strategies, regulatory frameworks and/or polices necessary to guarantee
an effective synergy between DTs and organic and/or agroecological
systems.

The main objective of the European project in which this study takes
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place is to ensure that digitalisation functions as an enabler of agro-
ecology and in doing so, respects the characteristics of the EU definitions
of organic farming and agroecology. In this study digital technologies
relate to information technologies and operational technologies. Infor-
mation technologies refer to the electronic tools, devices, systems and/
or resources used for the creation, processing, transmission, and storage
of data, while operational technologies facilitate the management,
monitoring, supervision, and control of industrial operations, focusing
on the physical devices and processes they use. This definition was taken
from the classification of digital technologies under the European proj-
ect, SmartAgriHubs [49].

2. Theoretical background

2.1. Use of digital technologies in organic and/or agroecological
production systems

There is a wide variety of DTs that can be applied to facilitate the
implementation of the principles of agroecological production systems
[25–29]. While Ditzler and Driessen [50] showed the potential of robots
in agroecological crop production, they stress that automation in agro-
ecology requires a wide diversity of approaches and actors in order to be
in line with the principles of this type of sustainable production system.
Paget et al. [48], analysed in a more specific context several existing
digital solutions that can contribute to the transition towards agro-
ecology, mainly tools for data collection, decision support, and plat-
forms for knowledge exchange and sharing (drones, satellites,
web/social media applications and smartphones). Their main findings
highlight the challenges of innovation to adapt to the characteristics of
agroecological systems.

Ajena et al. [16], present a case study on how Information and
Communication Technologies (ICTs) can support farmer-driven research
on agroecological transitions. They point out that it is key to identify
technological proposals that promote agroecological and organic prin-
ciples, support a transformation agenda and are consciously applied
according to the conditions and needs of the communities. Tassin [51],
shows how digital tools (social media) in China support new young in-
termediaries who are returning to the land in the promotion of agro-
ecological practice and support the re-emergence of peasant supply
chains. At the same time, this author calls attention to the digital
inter-knowledge relationships that can shape agroecological circles
exclusively for producers who are qualified to belong to them.

Agroecological processes are dynamic and complex, which is re-
flected by both Gascuel-Odoux et al. [52], and Bellon Maurel et al. [19],
studies suggesting that new technologies (high-resolution remote
detection, sensors and mapping tools) can contribute to the acquisition
and use of data needed to monitor and characterise the trajectories of the
main biological processes and create models of complex mechanisms
within agroecology. Ewert et al. [27], Ajena et al. [16], and Bellon
Maurel and Huyghe [25], emphasise the potential of DTs and their
important role as enablers of agroecological transformation. Despite this
Ewert et al. [27], stress that there are still critical points and issues that
need to be resolved, such as data ownership and the increasing use of
non-renewable resources. They also highlight the need for more sys-
tematic evaluations to obtain more evidence at different scales and in
other farming systems.

2.2. Perceptions and attitudes on the use/adoption of digital technologies
in farming systems

Multiple factors (social, economic, cultural, institutional and/or
political) may influence farmers’ perceptions and attitudes towards DTs
[53–56]. According to Smidt and Jokonya [55], farmers’ perceptions of
technology adoption change over time according to new and emerging
technologies. Many studies emphasise that factors such as farmer
characteristics, socio-demographics, skills, knowledge, and perceived

attributes of the technology, among other aspects, influence farmers’
decisions to adopt DTs [4,20,39,42,45,53]. According to Bontsa et al.
[56], perceptions of DTs could be a barrier to their adoption, depending
on the approach. These authors found that small farmers engaged in
cattle raising had a more positive perception of the use of DTs than those
dedicated to sheep and goat raising. Among the main factors affecting
this perception were age, education level, employment status, income
and being part of a cooperative. Cavallo et al. [6,7], identified different
opinions and attitudes on tractor technology innovations among Italian
farmers. Factors such as age, level of education, farm size, income,
suitability and cost of tractors and level of concern for environmental
issues make the difference between those willing and those unwilling to
adopt tractors with innovative technologies.

Bellon Maurel et al. [19], raises the issue of the divide between large
farms that are likely to adopt robots and smaller (non-conventional)
farms that are not adopting them or are slow to adopt them. The authors
mention that it is important to find innovative solutions that combine a
"high-low tech" approach. Earlier studies show that stakeholders in
conventional or organic food production systems recognise the potential
of new DTs, as well as the opportunities and advantages they can bring
them [46,57]. A multi-stakeholder study that assessed the views of
Brazilian dairy farmers, advisors and citizens on the characteristics of an
ideal farm found that all three stakeholder groups consider that tech-
nology plays an important role in dairy farms. However, it highlights
that the justifications for this view differ between the groups, possibly
because of their individual values and interests [57].

Differences in views can also emerge from a different awareness of
existing DTs, their use and benefits between the different stakeholders.
Schnebelin et al. [46], through interviews and the use of a
multi-stakeholder approach analysed how digitalisation is seen in
French organic systems, specifically focusing on perceptions of digital-
isation, its impacts and potential. The results show that organic and
conventional actors do not perceive the same benefits and risks of using
DTs and therefore do not implement the same innovation processes.
Ajena et al. [16], analysed the perception and knowledge of Swiss
organic farmers on the use of DTs. The results show a division between
the opinions of "Artisanal Organic" and "Digital Organic" farmers mainly
with regard to the amount and type of tools and/or equipment suitable
for use in their organic production systems.

In relation to the aspects mentioned above, Rogers’ diffusion of in-
novations theory states that the perception of certain attributes of in-
novations by potential adopters is the main influence on adoption
decisions [58]. According to this theory, there are 5 attributes that
determine people’s adoption of innovations: relative advantage,
compatibility, complexity, testability and observability [59,60]. This
theory also defines five stages of the innovation decision process:
awareness, interest, evaluation, trial and adoption [60]. This theory has
been widely used to analyse the factors that influence the rate of
diffusion and adoption of practices and technologies in agriculture [58,
61,62]. The approaches of this theory are relevant for the analysis of
certain results of our study, and accordingly in section 5 ‘discussion’ we
reflect on some of them in more detail.

2.3. Barriers, risks and drivers for the use/adoption of digital technologies
in farming systems

Comprehensive analyses of the factors affecting or limiting the
adoption of DTs in precision and conventional large and small-scale
production systems are a baseline for analysing these aspects in sus-
tainable production systems. Osrof et al. [4], provides a comprehensive
list of barriers and drivers for the adoption of Smart Farming Technol-
ogies (SFTs). Ferrari et al. [63], contributes significant insights on the
barriers, drivers and impacts of ICTs use in rural areas from the point of
view of interdisciplinary experts. The barriers identified mainly in
conventional production systems, related to technological, socioeco-
nomic, institutional, behavioral, psychological and other factors, served
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as references for this study. The high cost of acquisition, operation and
maintenance of the DTs, the complexity of their use, the lack of
awareness and knowledge of farmers on DTs, among others that are
detailed in Table 1, stand out as the main barriers.

Similarly, these barriers have been identified in a more dis-
aggregated manner in studies with organic and/or agroecological sys-
tems approaches, some of them under specific contexts. Bellon Maurel
and Huyghe [25], Ajena et al. [16] and Paget et al. [48], agree that the
main barriers are associated with socio-economic aspects (high invest-
ment costs and complexity of using DTs). However, as shown in Tables 1
and in this type of production system, additional barriers associated with
the lack of suitability of digital technologies to support the imple-
mentation of organic or agroecological practices arise, mainly due to the
lack of interaction between the designers of the DTs and the users.

Osrof et al. [4], classified the drivers of SFTs adoption into individ-
ual, organisational, technological and external factors. According to
experts, the main drivers for the use of ICT in rural areas are economic
(cost reduction) and regulatory (strict production monitoring) [63]. As
indicated in Table 1, the reduction of the cost of using technology and
access to financing programs (subsidies) have been identified also as key
aspects to boost the use of DTs in production systems. In general, the
main risks associated with the use of DTs in production systems are
technology dependence and the exclusion of some actors, with certain
limitations to deal with the changes demanded by DTs, for example,
small farmers and those with a low level of education and/or limited
knowledge.

3. Research methodology

For this study, surveys were conducted among farmers, farm advisors
and POs/PAs/Coops of organic and agroecological production systems
in 10 European countries.

3.1. Sample and data

Data were collected from three key stakeholders: farmers as users of
DTs; farm advisors as informants, trainers and/or facilitators for the
implementation of DTs; and POs/APs/Coops with their dual role as users
and/or facilitators and intermediaries between technology providers
and farmers. The survey was distributed by the partners of the EU
project “PATH2DEA” to the targeted groups of stakeholders, between
June and September 2023, inclusive. In our study, we employed a
combination of convenience sampling and snowball sampling methods
to select participants. Convenience sampling is a non-probability
method based on criteria of closeness and easy access to the popula-
tion [66].

We initially recruited participants based on the information available
in the databases of the partners involved in the EU project ‘PATH2DEA’.
This method was chosen due to the availability of participants.
Following initial recruitment, participants were asked to refer others
who met the study criteria (i.e., either farmers, farm advisors or POs/
PAs/Coops of organic and/or agroecological production systems located
in the 10 European countries). This approach was particularly useful for
expanding the sample of respondents beyond the databases of the
partners of the EU project. The survey link was also distributed via
newsletters on the main project website and partner websites, articles in
farmers’ magazines, and social media messages. The survey was
distributed mainly in the following countries: Austria, Belgium, France,
Germany, Greece, Hungary, Italy, Spain, Slovakia, Switzerland. In some
of these countries the survey was also distributed on paper to the par-
ticipants during events that were carried out by the project partners.

While the potential for bias exists with the use of convenience and
snowball sampling methods [66,67], some actions were taken to miti-
gate these biases and ensure a more representative sample. First, we
utilized databases from multiple partners involved in the EU project
’PATH2DEA’, each of whom had access to a wide array of participants.

Table 1
Main barriers, risks and drivers for the use of DTs.

Variable Type of production
system

Factors/aspects mentioned References

Barriers Conventional - Complexity and high cost of
using DTs.

- Perception of risk due to the
use of DTs.

- DTs are not suitable or are not
adapted to local knowledge.

- Low capacity to use digital
technology.

- Lack of digital technology
infrastructure or connectivity.

- Low level of knowledge and/or
skills or technical
competencies required for use
DTs.

- Low levels of education/
literacy.

- Low level of information on
existing DTs.

- Lack of suitable information
services.

- Low incomes of small-scale
farmers.

- Regulatory issues on DTs and
unclear data governance.

- Lack of institutional/
governmental support.

[4,43,
53–56,63,
64]

Organic and/or
agroecological

- Limited research capacity of
small and medium-sized farm
machinery companies.

- Lack of interaction and joint
work between designers of DTs
and designers of new
production systems.

- DTs not suitable or adapted for
organic or agroecological
systems.

[25,44,46,
48]

Risks Conventional and
organic/or
agroecological

- Dependence on companies
supplying DTs.

- Loss of management power of
farms.

- Hacking or appropriation of
data and/or the value created.

- Loss of intellectual property,
privacy, traceability and
freedom.

- Exclusion of small farmers due
to lack of infrastructure, skills
or cost.

- Accelerating
conventionalization of farming
to the detriment of more
radical organic farming and
smaller farms.

- Stress due to increased time
investment.

- Loss of interactions between
stakeholders.

- Loss of connection to the land
and loss of local knowledge.

[16,28,29,
44,46]

Drivers Conventional - Cheaper and more accessible
DTs for small farmers.

- Collective/organised
structures (cooperatives) to
facilitate access to technology.

- Funding programmes/
financial incentives (subsidies)
for cooperation and adoption
of DTs.

- Training programmes,
promotion/awareness-raising
campaigns and the creation of
digital innovation centres.

[4,43,63,
64]

(continued on next page)
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Second, we provided initial participants with clear criteria for referring
others, specifically encouraging the inclusion of individuals from
different backgrounds, roles, and regions. This guidance aimed to
broaden the range of participants beyond those who might be most
immediately accessible or familiar. A total of 533 surveys were
completed by stakeholders.

3.2. Survey design

The questionnaires were designed in LimeSurvey and translated into
9 languages. They were reviewed and validated by native speakers
familiar with agroecological and organic agriculture so as to ensure
accuracy and understandability. The three questionnaires were struc-
tured in sections, as follows: 1. Stakeholder characterisation, with gen-
eral information on the three types of stakeholders; 2. General aspects of
the use of DTs, including questions on perceptions of DTs; and 3. Iden-
tification of barriers, drivers and risks in the use of DTs, with specific
variables on these three aspects. Each section included different
response options: 1. Closed or fixed-response, "yes-no"; 2. Multiple
choice response: Range of responses with an open-ended item at the end
of the list (other-which?); and 3. Scale responses: alternative responses
graded in intensity (5-point Likert-type scale). Most of the studies
described in Section 2, especially those listed in Table 1, were used to
define the response options and statements included in the scaling
questions. The questionnaires were reviewed by multi-actor project
partners to ensure optimal user understanding.

3.3. Data analysis

The data obtained from these surveys, using only those completely
filled out, were analysed using two statistical techniques with SPSS
software (version 29.0): a One-Way Analysis of Variance (ANOVA) and
Pearson’s Chi-square Test to determine if there are significant differ-
ences between the responses of the stakeholder groups. For both tests,
significant differences between group responses are considered to exist if
p is ≤ 0.05. Other studies have used these techniques to assess prefer-
ences and compare the perceptions of different actors’ groups [34,68].
To account for the variability of other effects and avoid issues related to
non-independence of data in ANOVA, an additional factor (specifically a
nested factor) was incorporated into the analysis: country of origin of the
surveyed.

4. Results

4.1. General characteristics of the sample and stakeholders’ profile

Of the total number of surveys obtained (533), the largest number

(308) are from farmers (58 %), followed by advisors with 170 surveys
(32 %) and 55 surveys were completed by POs/PAs/Coops (10 %).

Seventy seven percent of the farmers surveyed are natural persons
and 21 % are constituted as companies. The main sector in which the
farmers are active is vegetables (43 %), followed by arable farming (35
%) and animal production (26 %). The majority of farmers (39 %) have a
cultivated area of less than 2 ha and produce under organic (78 % of
farmers) and agroecological systems (32 %). Thirty-three percent of the
advisors surveyed are natural persons, 31 % are advisors to POs/PAs/
Coops, 15 % belong to a private company and 12 % are from a public
entity.

More than half of the advisors surveyed provide technical support
pre- and post-harvest (55 %). The services provided by the advisors are
agronomic analysis and interpretation services (54 %) and advice on
integrated farm management (49 %). The vast majority (81 %) of the
advisors provide their services to organic production systems and 61 %
advise agroecological production systems. Twenty-five of the POs/PAs/
Coops surveyed are cooperatives, ten are producer organisations and ten
are producer associations. The majority of POs/PAs/Coops work within
the arable farming sector. Of the majority of these stakeholders (51 %)
work in the fruit sector while 35%work in the animal production sector.
The majority of POs and PAs (80 %) produce under organic production
systems. Seventy-six percent of the cooperatives produce under agro-
ecological systems.

4.2. Benefits of the use of digital technologies in organic and/or
agroecology farming

Table 2 shows the number of responses according to the degree of
agreement of each stakeholder with the statements listed. The analysis
of means for each statement (the highest), for the three stakeholder
groups, indicates that the three main benefits of the use of DTs in organic
and/or agroecological farming are: 1. Improves and/or facilitates
communication, interaction and exchange of knowledge and/or experiences
between the actors involved in the production process (mean value 3.72). 2.
Facilitates and/or enhances strategic farm design, operational management
and decision support (mean value 3.68) and 3. Offers more opportunities to
advance the transition towards more sustainable production systems (mean
value 3.66).

Although these three benefits mentioned above have been prioritised
as shown in Table 3, the results of the ANOVA analysis indicate that
there are significant differences between stakeholder group perceptions
for most of the statements (five out of seven). For example, advisors and
POs/PAs/Coops compared to farmers are more likely to agree that DTs
facilitate communication, interaction and exchange of knowledge and/
or experiences between actors involved in organic and/or agroecologi-
cal systems BDT2 (F = 11.200; p = < 0.001).

The same trend of greater agreement between these two groups
(advisors and POs/PAs/Coops) is observed for the other two prioritised
benefits, BDT01 - offers more opportunities to advance the transition to-
wards more sustainable production systems (F = 4.936; p = < 0.008) and
BDT03 - facilitates and/or enhances strategic farm design, operational
management and decision support (F = 5.475; p = < 0.004). For the
variables BDT5 (F = 1.178; p = 0.309) and BDT7 (F = 2.491; p = 0.084)
there is greater agreement (no significant differences) between the 3
groups. This means that all three stakeholders agree that the use of DTs
supports and/or facilitates the application of organic and/or agroeco-
logical farming practices/principles and that it also reduces costs due to
the optimisation of inputs and the reduction of the use of natural
resources.

4.3. Reasons why farmers do not use digital technologies organic and/or
agroecology farming

Of the total number of farmers surveyed, 146 (47 %) do not use any
kind of digital technology and the remaining 162 farmers (53 %) do. The

Table 1 (continued )

Variable Type of production
system

Factors/aspects mentioned References

- Policies and regulations that
contribute to improving access
to and use of DTs.

Organic and/or
agroecological

- Subcontracting services and
sharing equipment among
farmers.

- Fiscal incentives and a
regulatory framework to
support the acquisition and use
of DTs.

- Participatory and combined
(bottom-up and top-down) ap-
proaches in the design and
development of DTs.

- DTs co-designed and devel-
oped under the organic or ag-
roecological paradigm.

[16,25,44,
46,48,65]
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three main reasons given by farmers for not using DTs are: 1. I am not
aware of relevant existing DTs (37 %). 2. Existing DTs are not adapted to the
scale of my production system (33%) and 3. It is too expensive to acquire this
type of DTs (27 %). Lack of sufficient/necessary resources to invest in
DTs (25 %) and lack of knowledge/capacity needed for the operation of
DTs (22 %) were also other reasons given by farmers. The complete list
of reasons and prioritization percentages can be found in fig. 1
(Appendix A). Forty-two percent of the surveyed farmers who do not
make use of digital tools are small-scale farmers, i.e. they produce on
land of less than 2 ha and 22 % on areas between 2 and 10 ha.

4.4. Main barriers to the use of digital technologies in organic and/or
agroecology farming

The three main barriers to digitalisation in organic and/or agro-
ecological production systems are: 1. High investment costs for the pur-
chase, operation and maintenance of equipment (58.2 %). 2. Complexity in
the use of equipment/software and in the processing and/or analysis of data,
which requires specific knowledge and time-expensive training (50.1 %) and
3. Most DTs are designed for industrial-scale production farms and are not
suitable for small-scale farmers (46.5 %). fig. 2 (Appendix A) describes the
full list of barriers that were analysed.

In spite of this prioritization, the results of the Chi-square analysis
(Table 4) show that there are significant differences in most of the re-
sponses from different stakeholders (seven out of nine). For example, for
the first prioritised barrier (High investment costs for the purchase, oper-
ation and maintenance of equipment) (x2 = 7.763; p = 0.021), POs/PAs/
Coops and farmers are in greater agreement that high investment costs
are a barrier to the adoption of DTs. The advisors agree the most with the
second prioritised barrier (Complexity in the use of equipment/software
and in the processing and/or analysis of data) (x2 = 20.394; p = < 0.001),
followed by the POs/PAs/Coops. There are no significant differences in
the responses for the third prioritised barrier (x2 = 5.043; p = 0.080),
this means that all three stakeholder groups agree that most DTs are
designed for industrial-scale production farms and are not suitable for small-
scale farmers.

4.5. Main risks of the use of digital technologies in organic and/or
agroecology farming

All stakeholders agreed that the three main risks of using DTs are: 1.
Dependence on companies for operation/maintenance/repair of equipment
and/or data management (52.9 %), 2. Exclusion of small farmers due to low
investment (52.9 %) and 3. Exclusion of farmers due to lack of knowledge
and/or skills (51.6 %). The complete list of risks that were analysed can
be found in fig. 3 (Appendix A). There are significant differences in the
majority (six out of ten) of answers given by the three groups. However,
Table 5 shows that there are no significant differences between the
groups’ responses for two of the three prioritised risks RI1 (x2= 0.685; p
= 0.710) and RI10 (x2 = 5.155; p = 0.076). This means, all three
stakeholders agree that dependence on companies for the operation
and/or maintenance/repair of equipment and the exclusion of farmers
due to lack of knowledge and/or skills are risks involved in digitalisation
processes. Regarding the exclusion of farmers due to low investment
capacity RI8 (x2 = 16.193; p = < 0.001), it is the POs/PAs/Coops who
perceive this risk the most.

4.6. Main drivers to digitalisation in organic and/or agroecology farming

The primary drivers of digitalisation in organic and/or agroecolog-
ical farming are: 1. The creation of networks or collaborations between
cooperatives, farming communities and advisors to share equipment, costs,
facilitate relationships between stakeholders, exchange knowledge and
improve training (mean value: 3.85), 2. Participatory design/co-design and
implementation (between companies and farmers) of DTs adapted to farm
needs and capacities, as well as to organic production and/or agroecology
approaches (mean value: 3.81). and 3. Improved and/or increased gov-
ernment (financial) support for equipment acquisition, installation, opera-
tion and education/training in digitalisation processes (mean value: 3.79)
(Table 6).

The results of ANOVA analysis (Table 7) show that there are no
significant differences between the responses of the groups with respect
to the drivers of DTs in the organic and/or agroecological systems.

Table 2
Number of responses by stakeholder according to level of agreement on the benefits of DTs in organic/agroecological
systems, n = 533.
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Significant difference was only evident for one of the seven drivers that
were raised- DRI07 government interventions to ensure the necessary
infrastructure for the operation of technologies (rural broadband connectiv-
ity) (F = 4.197; p = 0.016). In contrast to the previous aspects evaluated
(benefits, barriers and risks) the three stakeholders agree that the three
prioritised drivers DRI05 (The creation of networks or collaborations be-
tween cooperatives, farming communities and advisors to share equipment,
costs, facilitate relationships between stakeholders, exchange knowledge and
improve training) (F = 0.933; p = 0.394), DRI2 (Participatory design/co-
design and implementation (between companies and farmers) of DTs
adapted to farm needs and capacities, as well as to organic production and/or
agroecology approaches) (F = 0.488; p = 0.614) and DRI1 (Improved and/
or increased government (financial) support for equipment acquisition,
installation, operation and education/training in digitalisation processes) (F
= 0.295; p = 0.744) are the most relevant for the digitalisation of
organic and/or agroecological systems.

In this survey, representation was heterogeneous between European
countries. However, according to the results of the ANOVA (Tables 3 and
7) anal ysis, the country factor did not significantly influence the results.

5. Discussion

5.1. RQ1: What are the perceptions of farmers, farm advisors and
POs/PAs/Coops on the benefits of digitalisation of organic and/or ag-
roecological systems and the differences between the approaches of the
3 stakeholders?

Co-creation and sharing of knowledge is one of the principles of
agroecology [69]. Ajena et al. [16], stress that the interactive potential
of DTs and digital networks can promote and enhance different ways of
communication between farmers and experts (bottom-up, top-down,
and peer-to-peer). Through the use of technological platforms, pro-
cesses of knowledge co-creation and interaction among multiple actors
can be fostered. The results of our study indicate that the farmers, farm
advisors and POs/PAs/Coops surveyed recognise this potential of the
DTs to improve and facilitate communication, exchange of knowledge
and experiences among the actors that are part of their organic and/or
agroecological production systems. Our results are in line with the
findings of Schnebelin et al. [46], and Schnebelin [44], regarding the
relevance given by French Agricultural Innovation System actors
(mainly those related to organic agriculture) to DTs as tools to create and
exchange knowledge. This is mainly because these organic stakeholders
see digitalisation as a way of developing knowledge. Thus, the results
herein seem to reinforce this conclusion [44].

The responses of the POs/PAs/Coops surveyed are an indicator of the
relevance of DTs in the processes of interaction and communication
among the actors that are part of these organisations. This finding co-
incides with the observations of Schnebelin et al. [46], and Rijswijk et al.
[70], who point out that agricultural organisations and cooperatives are
more inclined to use technologies due to the benefits they obtain within
their structure. Most of the DTs that are promoted or developed by
organic organisations are related to knowledge management and
knowledge exchange [46].

Rijswijk et al. [70], also highlight that the technologies that are
developed by agricultural cooperatives in collaboration with digital
companies are mostly applications to organise and consolidate infor-
mation so that it is accessible to farmers and supports their farm man-
agement operations. This perhaps also explains why there is greater
agreement, especially from POs/PAs/Coops that the DTs facilitate
and/or improve strategic farm design, operational management and
decision support. Schnebelin et al. [46], also found that all stakeholders
interviewed (conventional and organic) agreed on the potential of dig-
italisation in improving working conditions, practices and risks. Simi-
larly, as pointed out by these authors in their study, our results show that
these stakeholders, but especially the POs/PAs/Coops, see DTs as op-
portunities to advance the transition towards more sustainable pro-
duction systems. This is in line with Bellon Maurel and Huyghe’s

Table 3
Results of ANOVA analysis. Stakeholders’ perceptions of the benefits of digi-
talisation, n = 533.

Statement: The
use of digital
technologies in
organic
agriculture and/or
agroecology

Farmers Advisors POs/
PAs/
Coops

F
-value

df p value

Mean
(SD)

Mean
(SD)

Mean
(SD)

offers more
opportunities to
advance the
transition to
more
sustainable
production
systems
[BDT01]

3.54
(1.176)

3.77
(1.038)

3.98
(0.991)

4.936 2 0.008*

improves and/or
facilitates
communication,
interaction and
exchange of
knowledge/
experiences
between the
actors involved
in the
production
process
[BDT02]

3.53
(1.230)

3.97
(1.017)

4.05
(0.780)

11.200 2 <0.001*

facilitates and/or
enhances
strategic farm
design,
operational
management
and decision
support
[BDT03]

3.55
(1.162)

3.87
(0.958)

3.84
(0.977)

5.475 2 0.004*

contributes to the
efficient
management of
resources and
the reduction of
polluting inputs
and emissions
[BDT04]

3.49
(1.154)

3.72
(1.088)

3.82
(0.925)

3.696 2 0.025a

supports/
facilitates the
application of
organic farming
and/or
agroecology
practices/
principles
[BDT05]

3.44
(1.074)

3.45
(1.049)

3.67
(0.944)

1.178 2 0.309

increases income
due to quality
improvement or
traceability
and/or
certification
(which is based
on digital
technologies)
[BDT06]

2.93
(1.210)

3.29
(1.097)

3.36
(0.910)

7.182 2 <0.001a

reduces costs due
to optimisation
of inputs and
reduction of
natural
resources uses
[BDT07]

3.16
(1.227)

3.39
(1.100)

3.36
(0.910)

2.491 2 0.084

Country N/A N/A N/A 0.631 2 0.532

a Significant difference (≤0.05). SD: Standard deviation.
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statement. [25], that DTs are a set of resources that, when mobilised
together with other resources, allow sustainable agricultural production
objectives to be achieved.

Our results confirm the claims of Schnebelin et al. [46], regarding the
important role of advisory services and POs/PAs/Coops as in-
termediaries in the digitalisation process. In addition to supporting the
DTs adoption process, POs/PAs/Coops are key in processes where trust
is elemental, such as in the implementation of technologies and data
management. The findings of our study show that farm advisors and
POs/PAs/Coops, compared to farmers, have a better perception and
more agreement on the benefits offered by the DTs. This supports the
findings of Schnebelin et al. [46], that perceptions of the use of DTs in
production systems vary according to the type of actor. In fact, as Ajena
et al. [16], and Cavallo et al. [6,7], demonstrated, these perceptions may
even differ among farmers themselves. According to Cardoso et al. [57],
the differences between these stakeholders perceptions are related to
their individual values and interests.

Our results also lead us to reflect on Roger’s theory, mainly on the
five characteristics that determine how users respond to new in-
novations (relative advantage; compatibility; complexity; trialability; and

observability) [60]. According to Montes de Oca Munguia et al. [58], it is
key that stakeholders understand the potential benefits of DTs relative to
the existing technology or practice that would be replaced, in order to
more accurately measure the relative advantage of an alternative.
Cavallo et al. [7], identified that one of the characteristics of farmers
who were more willing to adopt innovative tractors were those who
were culturally developed and well documented about the benefits of
tractor innovations. This leads us to suggest that farm advisors and
POs/PAs/Coops are more aware or have a greater knowledge of the
benefits and/or advantages of using DTs, thus giving them a more pos-
itive perception of their use.

Based on the results, we suggest that farm advisors and POs/PAs/
Coops recognise the benefits of DTs because they perceive more relative
advantages of using DTs. In addition, perhaps these two stakeholders,
unlike farmers, have had more possibilities to know firsthand positive
results of experiments with DTs in organics or agroecology production
systems or are possibly linked to farms that use them (trialability and
observability). Therefore, as observed by Mbatha’s [60], POs/-
PAs/Coops, farm advisors, governments and other actors involved
and/or interested in digitalisation should be aware of how potential

Table 4
Chi-square independence test between the type of stakeholder and the barriers, n = 533.

Barrier Response Farmers Advisors POs/PAs/
Coops

Total Chi-
square

p-value

Limited/non-existent supply of technological alternatives suitable or adapted to the needs of
organic and/or agroecological farming systems [BA1]

Yes 88 68 17 173 x2 =
6.593

0.037*
No 220 102 38 360

Insufficient capacity of digital tools to provide decision support and/or lack of flexibility to be
used for simpler tasks [BA2]

Yes 47 52 12 111 x2 =
15.646

<0.001*
No 261 118 43 422

Most digital technologies are designed for industrial-scale production farms and are not
suitable for small-scale farmers [BA3]

Yes 132 91 25 248 x2 =
5.043

0.080
No 176 79 30 285

High investment costs for the purchase, operation and maintenance of equipment [BA4] Yes 182 88 40 310 x2 =
7.763

0.021*
No 126 82 15 223

Complexity in the use of equipment/software and in the processing and/or analysis of data,
which requires specific knowledge and time-expensive training [BA5]

Yes 129 107 31 267 x2 =
20.394

<0.001*
No 179 63 24 266

Lack of infrastructure and/or connectivity to guarantee the correct functioning of the
equipment [BA6]

Yes 57 50 15 122 x2 =
8.048

0.018a

No 251 120 40 411
Low level of knowledge and/or skills required for the operation of digital technologies [BA7] Yes 95 103 38 236 x2 =

54.583
<0.001*

No 213 67 17 297
Lack of adequate information and/or advisory services on appropriate digital technologies
according to needs [BA8]

Yes 63 75 26 164 x2 =
36.635

<0.001a

No 245 95 29 369
Lack of financial means, absence of funding for the purchase of equipment and
implementation of digital technologies [BA9]

Yes 110 55 23 188 x2 =
1693

0,429
No 198 115 32 345

a Significant difference (≤0.05).

Table 5
Chi-square independence test between the type of stakeholder and the risks, n = 533.

Risk Response Farmers Advisors POs/PAs/
Coops

Total Chi-
square

p-value

Dependence on companies for operation, maintenance/repair of equipment and/or data
management [RI1]

Yes 161 89 32 282 x2 =
0.685

0.710
No 147 81 23 251

Loss of farm management autonomy/power and focus on the application of traditional/
specific practices of organic or agroecological systems [RI2]

Yes 83 53 20 156 x2 =
2.437

0.296
No 225 117 35 377

System security (hacking, loss of privacy, cyber security) [RI3] Yes 63 44 23 130 x2 =
11.851

0.003*
No 245 126 32 403

Appropriation of data/information, intellectual property, and/or the value created [RI4] Yes 66 56 18 140 x2 =
8.818

0.012*
No 242 114 37 393

Stress/anxiety due to increased tasks, knowledge, skills and time for the operation of
technologies [RI5]

Yes 108 72 29 209 x2 =
7.141

0.028a

No 200 98 26 324
Loss of local stakeholder interactions and connection to local traditions and knowledge
[RI6]

Yes 66 39 20 125 x2 =
5.835

0.054a

No 242 131 35 408
Increased energy consumption and/or emissions associated with the production and/or use
of digital devices [RI7]

Yes 42 31 10 83 x2 =
2.080

0.353
No 266 139 45 450

Exclusion of small farmers due to low investment capacity [RI8] Yes 144 97 41 282 x2 =
16.193

<0.001a

No 164 73 14 251
Exclusion of farmers due to low/poor infrastructure (rural broadband connectivity) [RI9] Yes 93 74 29 196 x2 =

15.091
<0.001*

No 215 96 26 337
Exclusion of farmers due to lack of knowledge/skills - [RI10] Yes 146 97 32 275 x2 =

5.155
0.076

No 162 73 23 258

a Significant difference (≤0.05).
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adopters will be able to observe the benefits of using the DTs in organic
and/or agroecological systems (observability is key).

Toffolini& Jeuffroy [8] consider that the digitalisation of agriculture
is closely linked to the evolution of on-farm experimentation. This form
of experimentation facilitates the production of credible, relevant and
legitimate data as it adopts a farmer-centred perspective. Perhaps then,
experimentation with DTs in organic and/or agroecological production
systems can be a good option to ensure feasibility and make the results
visible to farmers. POs/PAs/Coops and advisory services, play a key role
in showing the benefits of DTs to farmers and encouraging them to use
them in their production systems [56].

As Cavallo [7] mentions, this knowledge about farmers’ perceptions
towards DTs is important for technology providers seeking new business
opportunities, for research centres in defining their innovation programs
and for governments that are responsible for agricultural policy
regulations.

5.2. RQ2: What are the main reasons why farmers do not use DTs in
organic and/or agroecological production systems?

The main reason why the farmers surveyed do not use DTs is because
they are not aware of them, which confirms the view of Qi et al. [53], who
argue that farmers’ awareness of an emerging technology influences
their decision to adopt it in their production systems. In their studies,
Smidt and Jokonya [55], and Osrof et al. [4], also acknowledge that one
of the factors affecting digital adoption by farmers is the lack of
awareness of the potential of using DTs to improve their farming prac-
tices. Results from previous studies show similar trends. For example,
the findings of Ajena et al. [16], reflect that the little awareness of
autonomous machinery among Swiss organic farmers was the reason for
low adoption rates.

Zhou et al. [71], found that the percentage of farmers who are aware
about technology is very low, i.e. their knowledge/understanding of the
technological complexity is weak. They also demonstrated that there is a
strong correlation between technology complexity/theoretical back-
ground and technology use behaviour. It highlights that only when there
is awareness and understanding of these technologies that a positive
attitude of farmers towards their use emerges. Our results emphasise the

need for awareness raising and training to encourage the use of DTs
among smallholder farmers [16,55].

Rogers’ diffusion of innovations theory posits a five-step process that
people go through when adopting something new: awareness, interest,
evaluation, testing and adoption [60]. Our results reinforce this theory by
showing that awareness about DTs is an essential step for their diffusion
and subsequent adoption in organic and/or agroecological systems. This
low level of awareness of existing DTs explains why farmers have a
lower degree of perception of the relative advantages of their use.
Forty-two percent of the surveyed farmers who do not make use of
digital tools are small-scale farmers. To some extent, this explains why
farmers consider that DTs are not adapted to the scale of their production
systems. The above supports Rogers’s statement that innovations must
meet the values, experiences and needs of the users (compatibility is key)
[60]. In this case we show that the incompatibility of the DTs has a
significant negative impact on the degree of adoption by farmers. This
response on the lack of compatibility could also justify the lower degree
of agreement among farmers on the benefits of DTs.

Takagi et al. [45], argue that organic farmers are more likely to adopt
a new technology if it is compatible with their farm. Likewise, Osrof
et al. [4], point out that farmers with small-scale operations are less
likely to adopt smart farming technologies because they may not be
suitable for their scale. Wittman et al. [65], highlight in their study that
although there are some digital farming technologies designed for use by
small-scale farmers, most of them have been marketed mainly for in-
dustrial and large-scale farms. Cui and Wang [54] and Giua et al. [42],
also point out that farmers with larger cultivated areas are more likely to
use or try to adopt DTs. Ajena et al. [16], found that poultry and fruit
producers are unable to experience far-reaching automation due to their
limiting conditions such as their small size. In addition, the findings of
Schnebelin [44], show that a large percentage of organic farmers
consider that DTs are not or cannot be adapted to their production
systems.

Smidt and Jokonya [55], mention that studies conducted several
years ago show that farmers did not adopt agricultural technologies due
to the high cost of the technologies. The results of our research also

Table 6
Number of responses by stakeholder according to the level of agreement on drivers of digitalisation, n = 533.
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support the statements of Paget et al. [48], Bellon Maurel and Huyghe
[25], and Ajena et al. [16], that the high cost of digital solutions makes
them inaccessible to users of agroecological systems, especially for small
farms [72]. To a certain extent, our results also verify the findings of
Bontsa et al. [56], that it is mainly socio-economic factors that affect the
perception of DTs and their low adoption by farmers.

5.3. RQ3: What perceptions do farmers, farm advisors and POs/PAs/
Coops have about the barriers, risks and drivers of using DTs in organic
and/or agroecological production and the differences between the ap-
proaches of the 3 stakeholders?

- Main barriers to the use of digital technologies

Our results reinforce the findings of Barnes et al. [73], Bellon Maurel
and Huyghe. [25], and Osrof et al., [4]. In their studies, they identify the
high investment costs as one of the main barriers to the adoption of DTs in
conventional and agroecological production systems. This is perhaps, as
mentioned by these authors, the reason why there is a tendency for
larger farms to adopt more agricultural technologies in their production
processes. Small farmers often have low incomes that do not allow them
to make DTs investments on their own [55]. This suggests that access to
advisory services and belonging to a group of farmers such as a coop-
erative or farmers’ association, can increase uptake through collective
action such as co-purchase, co-use, and co-maintenance of digital tools
among neighboring farmers.

Ajena et al. [16], also found that most of the Swiss organic farmers
surveyed consider that investment costs increased by the use of DTs, not
only because of the cost of the equipment, but also because of the costs of
maintenance and updates. The results of Bontsa et al. [56], and Schne-
belin et al. [46], show strong agreement among a high percentage of
small-scale farmers and organic organisations that DTs are expensive
compared to other agricultural technologies and require higher invest-
ment. These authors stress the need to offer low-cost DTs to motivate
their adoption by small-scale farmers [54].

Regarding this economic barrier, Smidt and Jokonya [55], state that
farmers’ perception of the cost-related constraints of the technologies
has changed. They emphasise that farmers now recognise the need to
adopt these technologies for economic and environmental benefits.

Table 7
Results of ANOVA analysis. Stakeholders’ perceptions of the drivers of digital-
isation, n = 533.

Statement:
Digitalisation in
organic and/or
agroecological
farming should be
promoted through

Farmers Advisors POs/
PAs/
Coops

F
-value

df p
value

Mean
(SD)

Mean
(SD)

Mean
(SD)

improved/increased
government
(financial) support
for equipment
acquisition,
installation,
operation and
education/
training in
digitalisation
processes [DRI01]

3.81
(1.211)

3.74
(1.123)

3.85
(1.061)

0.295 2 0.744

participatory
design/co-design
and
implementation
(between
companies and
farmers) of digital
technologies
adapted to farm
needs and
capacities, as well
as to organic
production and/or
agroecology
approaches
[DRI02]

3.78
(1.073)

3.84
(1.051)

3.91
(0.823)

0.488 2 0.614

the development of
policies
(regulations,
standards) that
promote the
automation of
processes,
traceability and in
general the use
and improved
access to digital
technologies
[DRI03]

3.35
(1.104)

3.34
(1.182)

3.25
(1.174)

0.168 2 0.845

the development of
policies regulating
data access/use
and
interoperability to
ensure secure/
transparent and
appropriate use of
information
[DRI04]

3.48
(1.035)

3.52
(1.121)

3.58
(0.937)

0.240 2 0.786

the creation of
networks or
collaborations
between
cooperatives,
farming
communities and
advisors to share
equipment, costs,
facilitate
relationships
between
stakeholders,
exchange
knowledge and
improve training
[DRI05]

3.81
(1.116)

3.89
(1.029)

4.00
(0.816)

0.933 2 0.394

Table 7 (continued )

Statement:
Digitalisation in
organic and/or
agroecological
farming should be
promoted through

Farmers Advisors POs/
PAs/
Coops

F
-value

df p
value

Mean
(SD)

Mean
(SD)

Mean
(SD)

cooperation
between the
public and private
sector for the
development of
user-friendly,
secure, open
source technology
alternatives and
data sharing
platforms [DRI06]

3.69
(1.083)

3.75
(1.098)

3.96
(0.838)

1.585 2 0.206

government
interventions to
ensure the
necessary
infrastructure for
the operation of
technologies
(rural broadband
connectivity)
[DRI07]

3.64
(1.179)

3.89
(1.085)

4.00
(0.770)

4.197 2 0.016a

Country N/A N/A N/A 0.631 2 0.532

a Significant difference (≤0.05). SD: Standard deviation.
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However, the above reflections on the results of previous studies and the
findings of this research confirm that the high cost of DTs remains the
main barrier to their adoption. Even interdisciplinary experts on digi-
talisation and agriculture of rural areas recognise this as one of the main
barriers [63].

Complexity in the use of equipment/software and in the processing and/
or analysis of data was the second barriers mostly cited by farmers.
Bellon Maurel and Huyghe [25], and Schnebelin et al. [46], also agree
that the complexity of new technologies can discourage farmers from
using them in their organic and/or agroecological production systems.
This perception of complexity also explains the low degree of agreement
of farmers on the benefits of using DTs.

The third barrier prioritised by all stakeholders is related to one of
the reasons for non-use of DTs by farmers, as mentioned above: the lack
of suitability of DTs. All stakeholders consider that most DTs are designed
for industrial-scale production farms and are not suitable for small-scale
farmers. These results are also in line with the hypothesis confirmed by
Schnebelin [44] on the strong link between DTs for production (mainly
precision farming) and industrialisation. The author points out that
these types of DTs favour and contribute to the consolidation of domi-
nant industrial agricultural systems.

These three main barriers identified by all stakeholders surveyed
(farmers, farm advisor and POs/PAs/Coops) reinforce even more
Rogers’ statements that compatibility and complexity are two key attri-
butes that influence the rate of diffusion and adoption of an innovation.
Analysing the reasons given by farmers for the non-adoption of DTs
(section 5.2) with the barriers described here confirms that the high cost
of use and the lack of suitability of DTs are the main issues that need to be
overcome to advance the digitalisation of organic and/or agroecological
systems.

- Main risks of the use of digital technologies

Our findings show that on the perception of risks associated with the
use of DTs there are also significant differences among stakeholders.
This is in line with the statement by Schnebelin et al. [46], that actors
involved in organic and/or agroecological innovation systems have
heterogeneous perceptions about the risks associated with the use of
DTs. However, all stakeholders surveyed agree that dependency on
companies for the operation, maintenance and/or repair of equipment and
the exclusion of farmers due to lack of knowledge and/or skills are the most
relevant risks involved in the digitalisation processes of organic and/or
agroecological systems.

According to the opinions of farmers and organic organisations, one
of the main risks associated with the use of DTs is the possibility of
becoming dependent on them, and on repair services, and therefore
losing power and control. They also emphasised the risk associated with
the exclusion of farmers due to lack of infrastructure, skills and the cost
of equipment in the case of farmers who have economic problems.
Exclusion of farmers due to lack of knowledge and/or skills was also one of
the risks prioritised by the stakeholders surveyed. In keeping with this
finding, Ciliberti et al., show how the adoption of robots and sensors can
contribute to a digital divide among older, less educated and less skilled
producers [74]. Regarding the risk of exclusion of farmers due to their low
investment capacity, Ferrari et al. [63], also identified that one of the
negative impacts of digitalisation of rural areas is the exclusion of small
farmers who cannot afford to use these DTs.

On this point, the High Level Panel of Experts on Food Security and
Nutrition [26] pointed out that larger farmers may have better access to
new technologies through government support and subsidies, which can
generate disadvantages for small farmers who may even run the risk of
having to abandon farming and lose their land. Therefore, from the
agroecology approach and following the statement of Bontsa et al. [56],
to reduce the digital divide between large and small farmers their
characteristics, circumstances and needs should be considered as rele-
vant criteria for the design and implementation of DTs. Gkisakis and

Damianakis [29] emphasise that digitalisation in agriculture is not ex-
pected to be one of the main drivers for the agroecological transition,
nevertheless, it could potentially be compatible when a combination of
user innovation processes and a commons-based peer production model
is applied.

- Main drivers for the use of digital technologies

Schnebelin et al. [46], highlight the importance of the in-
terconnections between knowledge and technologies. This means that
digitalisation demands knowledge and in turn creates opportunities for
the creation of new knowledge, so that the integration and collaboration
of stakeholder networks is key to this objective. Similarly, Bellon Maurel
and Huyghe [25], conclude that one of the main levers for the adoption
of DTs is the creation of farmer networks to foster knowledge transfer,
the development of collective actions, the installation of shared equip-
ment and the exchange of data (e.g. on weather, diseases, practices, and
so on). In addition, they stress that interaction between farm machinery
designers and farmers in agroecological systems is crucial.

Similar drivers were also stressed in the study by Ajena et al., [16].
The authors suggest that among the fundamental aspects for agroeco-
logical innovation are cost-sharing between cooperatives and farming
communities, or exchange platforms to facilitate relations with others
stakeholders. Also, the involvement of farmers in the design and training
of DTs and the creation of financial incentives for the purchase of
equipment were found important. Our results also ratify Paget et al.
[48], claims regarding the importance of co-design of DTs between key
actors in agroecological systems. In this way, it would be possible to
develop suitable digital solutions, in line with the agroecology paradigm
that fit the contexts, needs and economic conditions of farmers [50].

As Hilbeck et al. [69], and Cardoso et al. [57], state, the interests,
priorities, needs and experiences of the stakeholders involved in farming
systems are different and even more so in the case of organic and/or
agroecological systems, which perhaps explains the differences in the
perceptions of benefits, risks and barriers of the groups we have ana-
lysed. It is essential then, as Schnebelin et al. [46], argue, to consider all
these perceptions so that digital development also benefits organic
and/or agroecological production systems. However, with regard to the
drivers herein, there seems to be more unanimity and clarity from all
stakeholders surveyed on the aspects that need to be prioritised in order
for the DTs to become allies of organic and/or agroecological systems.
This makes sense as these drivers seem to be focused on overcoming the
constraints, barriers and/or risks that were prioritised earlier by stake-
holders, mainly related to aspects of awareness/knowledge, costs and
suitability of DTs.

Some studies show positive results from the implementation of some
of the actions/measures identified above as ‘drivers’, mainly the co-
design of DTs and financial support. For example, Hilbeck et al. [69],
present a case example of a smartphone application designed under the
co-creation approach with agroecological smallholder farmers, to assist
them in their record-keeping and research tasks. Kihoma et al. [75],
illustrated that an evaluation of this tool (smartphone application)
helped farmers to identify the most appropriate agroecological practices
in their areas and contributed to increasing agroecological knowledge
through information sharing. Similarly, with respect to government
support, there is greater evidence in the case of conventional production
systems that government subsidies can significantly increase farmers’
willingness to adopt DTs, especially in the case of smallholder farmers
[54,56]. Bellon Maurel and Huyghe [25], also stress the importance of
providing specific public subsidies for the purchase of agricultural ma-
chinery for agroecology. Furthermore, Lioutas et al. [12], stress that
there is a need to provide incentives for the production of low-cost
digital tools compatible with small-scale farming and organic and ag-
roecological production.

Bellon-Maurel et al. [47], point out that DTs and agroecology are
disruptive innovations that change the practices of actors and
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agricultural innovation ecosystems. All of the above barriers, risks and
drivers identified, provide insights for the definition of key elements to
be taken into account in the design and structuring of a solid and inte-
grative agroecology innovation ecosystem that is enhanced through the
effective use of the DTs. Some previous studies could serve as a basis for
defining the design elements and principles necessary for the creation of
this type of digital innovation ecosystems [76–78].

6. Conclusions and implications

This research provides significant insights to better understand key
aspects of the digitalisation of organic and/or agroecological systems.

6.1. Theoretical implications

• This study provides new evidence on the differences in stakeholders’
perceptions of the use of DTs. Compared to farmers, POs/PAs/Coops
and farm advisors are more aware of and/or more familiar with DTs
and therefore agree more with the potential benefits of their use in
organic and/or agroecological systems. Regarding barriers and risks,
perceptions differ significantly among stakeholders, but there is a
higher degree of agreement among farmers, farm advisors and POs/
PAs/Coops on strategies that would boost the use of DTs in organic
and/or agroecological systems.

• The findings confirm the claims of previous studies that the main
barriers to the use of DTs are related to socio-economic and tech-
nological aspects. Our results also support the assertion that the main
risks are associated with dependence on companies and exclusion of
farmers due to their socio-economic and/or cultural characteristics/
conditions.

• The results support the findings of previous studies on the contri-
bution of DTs in the implementation of the second principle of ag-
roecology ‘Co-creation and sharing of knowledge’.

• Evidence is provided to show that: Stakeholder networks, co-design
of DTs and governmental financial support are key aspects to take
forward the digitalisation of organic and/or agroecological systems.
Likewise, POs/PAs/Coops and farm advisors have a vital role in the
processes of disseminating and improving knowledge/skills in the
use of DTs in organic and/agroecological systems.

• Our results on the adoption of digital technologies in organic and/or
agroecological systems reinforce several statements of Rogers’
diffusion of innovations theory on the five characteristics that
determine users’ response to new innovations and on the steps
people take when adopting something new technologies.

- Relative advantage: Knowledge and understanding of the potential
benefits of DTs improves the perception of the advantages it can offer
and this in turn could improve the degree of adoption.

- Compatibility and complexity: The unsuitability of DTs, the complexity
of their use and high cost are aspects that negatively affect adoption
rates in organic and/or agroecological systems.

- Trialability and observability: Further testing in real-life conditions
and disseminating the results is key to providing farmers or other
users of DTs in organic and/or agroecology with evidence of the
performance of digital tools in this type of production systems.

- Awareness as a first step: Improving the awareness of potential users of
DTs is essential for their dissemination and subsequent adoption in
organic and/or agroecological systems.

6.2. Implications and recommendations for managers and policy-makers

This research has relevant implications for all stakeholders involved
in organic and/or agroecological production systems (public and pri-
vate) but especially for technology providers, farmers’ organisations
and/or cooperatives, research centres, and governments and public
administrations. Firstly, the findings provide guidance on key issues
related to the characteristics and operation of the DTs and on strategies

that could improve their functioning. The results also provide important
reflections on aspects to consider and/or strengthen in the programmes,
regulatory framework and/or public policies on digitalisation and ag-
roecology. In sum, this research represents key inputs to consider for the
creation and/or strengthening of an agroecology innovation ecosystem
that is enhanced by incorporating strong digital transformation ap-
proaches. In this sense, the following should be considered:

• Overcoming the economic barrier is a priority and requires greater
attention to smallholder farmers, who seem to be the most affected.
Collaboration between technology providers, researchers, advisors,
POs/PAs/Coops and farmers is key to the co-design of new DTs that
are adapted to the scale of small farms, support agroecological
principles and have purchase, operation and maintenance costs that
are accessible to all farmers.

• Collaborative networks between farmers, POs/PAs/Coops and farm
advisors, for collective action such as co-purchasing, co-use, and co-
maintenance of certain DTs and/or the exchange of knowledge can
help to take up technologies by reducing investment costs and
maintaining the focus on organic and/or agroecological practices.

• Financial support is fundamental, therefore the challenge for gov-
ernments and public administrations is to foster the integration and
joint work of the stakeholders involved in organic and agroecological
production systems, mainly through the creation of support networks
and/or the financing of advisory services and/or training, with a
special focus on small and medium-scale farmers.

• Multi-stakeholder research programmes and incentive strategies
and/or financial support for the new design, adaptation and/or
acquisition of DTs should be strengthened.

• It is key to understand that, unlike conventional systems, agroeco-
logical systems in particular require, in addition to networking, a
more localised or context specific approach. In other words, digi-
talisation will become a great ally of organic and agroecology
farming when it offers solutions adapted to the characteristics,
contexts and needs of this complex production system.

7. Limitations and future research

This study aims to present an overview of the main aspects associated
with the use of DTs by using a sizable general sample of relevant Eu-
ropean countries. It is not a complete analysis at the European level nor a
cross-country comparative analysis. Accordingly, the results may not be
generalisable to all contexts. In order to provide a more holistic view and
more specific information on the incidence of contextual issues, future
research could consider a broader analysis by including more European
countries and larger sets per country. Furthermore, the analysis of the
aspects evaluated in non-European countries would allow the compar-
ison of findings and the identification of key aspects relevant at the
global level. Similarly, in order to obtain more generalisable results on
this topic, future studies could use random sampling methods to reduce
the risk of sampling bias.

Methodological limitations due to the use of static data in this study
could be overcome with research that uses longitudinal data and in-
cludes quantitative variables to better analyse the interrelationship be-
tween variables and improve understanding of associations. Future
research could also include other types of stakeholders in the analysis,
such as technology providers, other supply chain actors, and re-
searchers, who could provide their knowledge and experience and
contribute to building a clearer and more complete picture of the digi-
talisation of organic and agroecological systems.
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