
Academic Editor: Hossein Azadi

Received: 8 January 2025

Revised: 26 February 2025

Accepted: 27 February 2025

Published: 5 March 2025

Citation: López-Maciel, M.;

Roebeling, P.; Soma, K.; Haumont, J.

Assessing the Constraints to and

Drivers for the Adoption and

Diffusion of Smart XG, Last-Mile

Connectivity and Edge Computing

Solutions in Agriculture: The Case of

Digital Shepherds in Flanders,

Belgium. Land 2025, 14, 543. https://

doi.org/10.3390/land14030543

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

Assessing the Constraints to and Drivers for the Adoption and
Diffusion of Smart XG, Last-Mile Connectivity and Edge
Computing Solutions in Agriculture: The Case of Digital
Shepherds in Flanders, Belgium
Max López-Maciel 1,* , Peter Roebeling 1 , Katrine Soma 2 and Jeremie Haumont 3

1 Centre for Environmental and Marine Studies (CESAM), Department of Environment & Planning (DAO),
University of Aveiro (UA), 3810-193 Aveiro, Portugal; peter.roebeling@ua.pt

2 Wageningen Social & Economic Research, Wageningen University and Research (WUR), Droevendaalsesteeg
4, 6706 KN Wageningen, The Netherlands; katrine.soma@wur.nl

3 Flanders Research Institute for Agriculture, Fisheries and Food (ILVO), Burgemeester van Gansberghelaan
115, 9820 Merelbeke, Belgium; haumontjeremie@hotmail.com

* Correspondence: max@ua.pt

Abstract: Advanced generations of mobile network technologies (XG), last-mile connectiv-
ity and edge computing solutions can offer invaluable support for farmers and agribusi-
nesses, fostering sustainable development, though unequal access to these digital technolo-
gies may lead to a digital divide. It remains, however, unclear to what extent and why
farmers are (not) ready to adopt digital technology solutions in agricultural production
systems. Hence, this study identifies and assesses the constraints on and drivers for the
adoption and diffusion of smart XG, last-mile connectivity and edge computing solutions
in agricultural production systems, using the Adoption and Diffusion Outcome Prediction
Tool (ADOPT) in a stakeholder workshop setting. Results for the case of the ‘digital shep-
herd’ in Flanders (Belgium) show that there is substantial potential for its adoption (~40%
of the target population) and diffusion (~15 years to peak adoption). To motivate farmers
to adopt the ‘digital shepherd’, its profitability, environmental benefits and management
convenience are pivotal; to accelerate adoption of the ‘digital shepherd’, its trialability and
evaluability, as well as farmers’ skills and knowledge, are pivotal. Addressing these factors
can significantly reduce the risk of a digital divide and, hence, allow policy makers to
define corresponding strategies.

Keywords: adoption; diffusion; digital divide; XG; last-mile connectivity and edge
computing solutions; prediction model; livestock production systems; stakeholder
engagement

1. Introduction
Societies around the world are increasingly affected by the vast growth of information

and new and rapid developments in technology, networks and social media. The Digital
Age is characterised by enhanced opportunities for monitoring and control, for precision
and efficiency, for maximising economic development and for minimising impacts on the
environment By means of Artificial Intelligence (AI), robotics, and the Internet of Things
(IoT), the latest technologies can offer invaluable support for farmers and agribusinesses.
However, an issue of concern from a social sciences perspective is the risk of a digital
divide—i.e., unequal access to and benefits from digital technology opportunities that are
explained by contextual challenges.
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Contextual challenges have been addressed in different ways. Weerabahu et al. [1]
investigated the challenges of digital supply chains’ (Industry 4.0) adoption by organisa-
tions. They found four categories of potential contextual obstacles, including (1) techni-
cal/technology factors, (2) financial, energy and legal factors, (3) inter-organisational factors
and (4) intra-organisational factors. David et al. [2] studied the adoption challenges of
digital technologies for various local government activities that potentially could enhance
service efficiency, effectiveness and accountability. They found that some barriers were
related to the lack of understanding of the effects of using these technologies, as well as the
lower availability of public participation platforms, employees’ skills and positive mindsets.
Also, process-related aspects were found to be important, such as clearly recognised roles,
aims, procedures and regulations and ways to receive user input. Contextual challenges
were also investigated for education, which is a context where interactions traditionally take
place face to face [3]. Whereas information accessibility beyond physical spaces is seen as
important for inclusive learning environments, it is found that a one-size-fits-all approach
does not work because of the diversity of learners and different abilities. Mhlanga et al. [4]
conducted a study examining trends and rates of digital technological transformation in
a typical African agricultural context with smallholder communities. In such contexts,
resource scarcity, limited expertise and training, a lack of digital infrastructure, data privacy
and security concerns and resistance by farmers were found to be the main challenges.
To overcome these, efforts by the public and private sectors, as well as communities, are
urgently needed. To explore contextual technological, environmental and organisational
factors in developing countries, specifically in Bangladesh [5], influential factors were iden-
tified for the adoption of digital technologies among small and medium-sized enterprises.
They found that relative advantage, complexity and observability factors were critically
important, as well as competitive pressure, management support and governmental sup-
port. Al-Emran et al. [6] explain that digital technologies and innovative solutions play a
crucial role in promoting sustainable development, although sustainability outcomes can
be positive and negative. While these studies provide insights of relevance to this study,
the contextual challenges and opportunities investigated in this study specifically address
European farmers and the factors influencing their willingness to adopt new technologies.

New opportunities are provided by smart XG, last-mile connectivity and edge com-
puting solutions. The next advanced generation of mobile network technologies, referred
to as XG, allow higher internet speeds, lower latencies and a higher number of connected
devices [7]. This allows individuals to better leverage the potential of novel technologies,
such as IoT, robotics, drones and Artificial Intelligence (AI) in more remote areas and appli-
cations such as agriculture [7]. Currently, 4G is advancing to 5G, while 6G is about to evolve
in the near future [8]. Last-mile connectivity refers to the final stretch of telecommunications
networks that delivers corresponding services to end users’ premises [9]. The efforts to
cover the last stretches of land in a region, or to provide the highest quality connection to
every household or access point, are typically vast, which is why this last-mile connectivity
is a challenging endeavour. Even with enhanced connectivity provided to rural areas,
human intervention appears to be equally essential to bridge the last mile, to provide
knowledge and to avoid unintended consequences and opportunity costs [10]. At the edge
of the network, close to the source of the data, edge computing can also provide a solution,
as it allows computing, storage and other capabilities to provide intelligent services in
close proximity to the data source [11]. For example, already analysed data can be trans-
ferred through the network, instead of raw data, requiring lower bandwidth consumption.
Edge computing solutions refer to an innovative network paradigm, which pushes mobile
computing and storage resources to the network edge, enhancing the trade-off between
computation-intensive and latency-critical tasks [12]. XG and edge computing can result in
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the provision of connectivity to, for instance, remote areas suffering from disconnection
to online services. This has a particularly interesting potential for agriculture, where in
recent years there has been a booming development of precision agriculture and precision
livestock farming applications [13,14]. However, the extent to which this is happening
depends on farmers’ willingness to adapt their existing practices to new ways of farming,
making use of advancements in technologies and agricultural practices.

The Flanders Research Institute for Agriculture, Fisheries and Food (ILVO) and the
XGain project team [15] are conducting research on facilitating access by relevant stakehold-
ers to a comprehensive inventory of smart XG, last-mile connectivity and edge computing
solutions, so as to foster a sustainable, balanced and inclusive development of rural, coastal
and urban areas. In Flanders, most livestock farms are family-run operations with, on
average, ~28 hectares, and fields that are dispersed across neighbouring villages. Although
connectivity is generally good in Flanders, there are differences between regions. In dairy
production, unequal access to technologies can already be observed between intensive
no-grazing production systems and more extensive grazing production systems [16]. The
‘digital shepherd’ is an important example of such a smart XG, last-mile connectivity and
edge computing solution and is intended to support livestock farmers’ daily operations [17].
Real-time monitoring services allow for animals to be observed on pastures, capturing
relevant animal risk, health and welfare issues for the farmer, as well as generating targeted
alerts. The ‘digital shepherd’ is expected to have a direct impact on the productivity and
welfare of the livestock but also to reduce stress for the farmer. Cameras are installed at
the border of the pasture, and with edge computing and AI, the location and behaviour of
the animals is monitored at every moment, at a herd or individual-animal level (e.g., close
monitoring of a potentially sick animal; [18]).

However, it remains unclear to what extent farmers are ready to adopt the ‘digital
shepherd’. The risk is that only the most wealthy or tech-savvy farmers will invest in
the new technology, which in the long term would lead to an increased digital divide
and inequalities within the agricultural sector in Europe [19,20]. It is acknowledged that
with the right insights about how and when farmers will adopt these new technologies,
it is possible to influence this by targeted measures [21,22]. Knowing which the factors
contribute to increased uptake, and to what extent, can assist in transitioning towards a
society with an enhanced inclusiveness of farmers that benefit from the Digital Age [23,24].

Hence, the objective of this study is to identify and assess the main constraints on and
drivers for the adoption and diffusion of smart XG, last-mile connectivity and edge comput-
ing solutions in agricultural production systems. To this end the Adoption and Diffusion
Outcome Prediction Tool (ADOPT, [25]) is developed and applied in a workshop setting
with participants from relevant industries, ministries, extension services and research and
innovation. A case study is provided for the ‘digital shepherd’ in Flanders, Belgium, so
as to not only obtain insights into the potential for adoption and diffusion of the ‘digital
shepherd’ but also to assess the importance of the factors influencing the adoption and
diffusion of the ‘digital shepherd’.

This study contributes to previous studies by assessing to what extent farmers are
ready to adopt smart XG, last-mile connectivity and edge computing solutions in agricul-
tural production systems, thus pre-empting the potential risk of inequalities across the
agricultural sector in Europe. The developed approach allows for (i) the early identification
of factors contributing to a digital divide, such as financial constraints, education and
access to support services and information; (ii) the assessment of the extent to which these
factors constrain the adoption and diffusion potential of these high-tech solutions; and,
hence, (iii) the prioritisation of actions and the definition of strategies to reduce the digital
divide. Finally, as ADOPT addresses the environmental, social and economic sustainability
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dimensions of innovations that potentiate digital transitions, this approach can work as a
tool to bridge understanding between the agricultural sector and policy makers.

The remainder of this paper is structured as follows. In Section 2, the ADOPT tool
and sensitivity analysis methods are presented, followed by, in Section 3, the results for
the adoption and diffusion of the ‘digital shepherd’ in Flanders, Belgium. In Section 4, the
results are discussed, the main findings presented and caveats addressed. Finally, Section 5
provides some concluding remarks and policy recommendations.

2. Materials and Methods
The adoption and diffusion of innovations is influenced by a wide range of factors,

most prominently and influentially classified in the diffusion of innovations (DoI) theory by
Rogers [26]. In particular, Rogers conceives the following five main elements of diffusion:

• Characteristics of the adopters, including orientation, motivation and abilities/skills;
• Characteristics of the innovation, including its relative advantage, compatibility, com-

plexity, trialability and observability;
• Communication channels, referring to the different means (from interpersonal to mass

media) by which individuals receive messages from each other;
• Time needed to observe, learn and experiment with the innovation;
• Social system, described as the interrelationships between adopters looking to solve a

common problem to reach a collective goal.

There are numerous studies that assess the wide range of factors influencing the
adoption and diffusion of agricultural innovations (see, e.g., [21,27,28]), which form the
basis for the Adoption and Diffusion Outcome Prediction Tool (ADOPT) that provides
predictions of an innovation’s level of adoption and rate of diffusion, as well as estimates
as to the importance of the factors influencing adoption and diffusion (see [25]).

2.1. The Adoption and Diffusion Outcome Prediction Tool (ADOPT)

ADOPT is a web-based tool developed by the Commonwealth Scientific and Industrial
Research Organisation (CISRO), along with other Australian laboratories and academic
institutions (see [25]). It is, amongst others, based on concepts explained by the DoI
theory [26], considering four categories (quadrants) that are of influence on adoption:

1. Relative advantage for the population (Quadrant Q1);
2. Learnability characteristics of the innovation (Quadrant Q2);
3. Population-specific influences on the ability to learn about the innovation (Quadrant Q3);
4. Relative advantage of the innovation (Quadrant Q4).

ADOPT uses different interaction variables, including those related to profit, risk and
environmental outcomes, farmer networks, characteristics of the farm and the farmer and
the ease and convenience of the innovation, which are captured in 22 variables divided
over the abovementioned four main quadrants (see Figure 1; [25]). The corresponding
22 questions (described in Appendix A) are correlated, creating different intermediate
variables, with the objective to reach two central values in the prediction scenario: the Peak
Adoption Level (PAL) and the Time to Peak Adoption Level (TPAL).

The Peak Adoption Level (PAL) is dependent on the intermediate variable relative
advantage, which is based on 14 independent variables in the two relative advantage
quadrants, Q1 (relative advantage for the population) and Q4 (relative advantage of the
innovation). Relative advantage is dependent on the profit advantage, environmental ad-
vantage, risk, ease and convenience and investment costs of the innovation, in combination
with characteristics of the farm and the farmer.
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The Time to Peak Adoption Level (TPAL) is dependent on the intermediate variables
awareness, learning of relative advantage, relative upfront costs and short-term constraints,
which are based on 9 independent variables in, mainly, the two learning quadrants, Q2
(learnability characteristics of the innovation) and Q3 (population-specific influences on
the ability to learn about the innovation). Learning of the relative advantage is dependent
on farmer networks and skills and the trialability of the innovation.

ADOPT (Version 2.1) has been validated using six specific agricultural innovations
and populations with known complete or near-complete adoption outcomes (see [25]). The
model shows a good fit (predicted vs. actual) for PAL and TPAL.

ADOPT is intended to be used before or during the early stages of the adoption and
diffusion process and is generally applied in a workshop setting, with professionals work-
ing with farmers. Participants discuss each question and justify their responses, particularly
for those questions where consensus is low. Questions that show a low consensus are iden-
tified, and sensitivity analyses are performed to assess how different possible responses
may affect adoption and diffusion outcomes.

2.2. Sensitivity Analysis

To assess the extent to which the PAL and TPAL are sensitive to changes in the
22 ADOPT question scores, a sensitivity analysis is performed (following [29]). Thus, scores
for each question are decreased/increased one level, and corresponding changes in PAL
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and TPAL recorded. Consequently, the effect of this decrease/increase in the response for
each variable shows the effect on PAL and TPAL with all other variables unchanged.

3. Results
On 18 April 2023 a ‘livestock and farming mutual learning and co-creation workshop’

was organised at the Flanders Research Institute for Agriculture, Fisheries and Food
(ILVO) in Merelbeke (Belgium), including participants (19) from the Ministry of Agriculture
and Fisheries in Flanders (2), farmer advisory services (2), technology and IT companies
(2), ILVO (6), Wageningen Research (1), the University of Aveiro (2), and other research
and education organisations (incl. universities) (4). The workshop programme included
sessions on (i) sharing knowledge about technological innovations, (ii) assessing barriers to
the adoption of technological innovations (ADOPT session) and (iii) building a community
for technological innovations. The ADOPT session was organised in two parts: the first
part (75 min) providing an introduction to ADOPT (10 min) and discussing and responding
to the ADOPT questions (65 min); the second part (45 min) presenting and discussing the
preliminary results based on the responses obtained in the first part. The ADOPT variable,
question and answer descriptions by quadrant, as used during the workshop, are provided
in Appendix B. This section provides the case study description (Section 3.1), descriptive
statistics (Section 3.2) and workshop results (Section 3.3).

3.1. Case Study Description

The innovation considered in this ADOPT workshop was related to livestock farming
in Flanders, Belgium. Flanders is a densely populated area, with communication infras-
tructure in place. However, even within Flanders, there are differences in connectivity
between different areas, providers and devices. Traditionally, Flanders is very active in the
farming industry, but the available arable lands and pastures of each farmer are spread
across multiple smaller fields in the same, or neighbouring, villages. Already, a digital
divide can be observed between extensive and intensive livestock farming. The XGain
scope aims to address this void by developing a ‘digital shepherd’ (i.e., the innovation), in
the form of a camera system in the field that monitors the herd on pastures of a relatively
small size in densely populated and relatively well-connected areas.

The ‘digital shepherd’ will support the farmers’ daily operation (e.g., livestock monitor-
ing), considering areas with both strong and poor network coverage. Real-time monitoring
services will ensure animals (cows/sheep) are always observed, capturing relevant events
with a risk of health and welfare issues, as well as generating targeted alerts for the farmer.
Cameras at the borders of fields will monitor the behaviour of the animals at every moment
with AI algorithms running on edge processing units. Successful implementation of the
‘digital shepherd’ will improve livestock health and welfare and result in a reduction in
animal and farmers’ stress.

3.2. Descriptive Statistics

The workshop participants’ answers (average; standard deviation) to the 22 ADOPT
multiple choice questions are shown in Table 1. From the responses to quadrant Q1 (relative
advantage for the population), it can be observed that the majority of livestock farmers
are considered to be profit/utility maximisers and about half are considered to be risk
minimisers, have a long-term planning horizon and hold a major enterprise that could
benefit from the innovation, while only a minority are considered to face severe short-
term financial constraints or have protection of the environment as a strong motivation.
From the responses to quadrant Q2 (learnability characteristics of the innovation), it can
be observed that the innovation is considered to be moderately trialable, evaluable and
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observable. From the responses to quadrant Q3 (population-specific influences on the
ability to learn about the innovation), it can be observed that about half of the livestock
farmers are considered to use relevant advisors, are involved in relevant farmer-based
groups and would need new skills/knowledge; only a minority are considered to be aware
of the use/trialling of the innovation. Finally, from quadrant Q4 (relative advantage of the
innovation), it can be observed that the innovation is considered to provide small recurrent
and future profit and environmental benefits, management ease and convenience, and a
reduction in risk.

Table 1. ADOPT questions, answers and standard deviation (Std. dev.).

Question Answer Std. Dev.

Relative advantage for the population (Q1)

1. What proportion of the target population has maximizing
profit as a strong motivation?

4. A majority have maximizing
profit/utility as a strong motivation 0.6

2. What proportion of the target population has protecting the
natural environment as a strong motivation?

2. A minority have protection of the
environment as a strong motivation 0.6

3. What proportion of the target population has risk
minimisation as a strong motivation?

3. About half have risk
minimisation as a strong
motivation

0.6

4. On what proportion of the farms is there a major enterprise
that could benefit from the ‘digital shepherd’?

3. About half of the target
population has a major enterprise
that could benefit

0.8

5. What proportion of the target population has a long-term
(more than 10 years) planning horizon for their farm?

3. About a half have a long-term
planning horizon 0.8

6. What proportion of the target population is under conditions
of severe short-term financial constraints?

4. A minority currently have severe
short-term financial constraints 0.6

Learnability characteristics of the innovation (Q2)

7.
How easily can the ‘digital shepherd’ (or significant
components of it) be trialled on a small scale before a
decision is made to adopt it on a larger scale?

3. Moderately trialable 1.1

8. Does the complexity of the ‘digital shepherd’ allow effects of
its use to be easily evaluated when it is used?

3. Moderately difficult to evaluate
effects of use due to complexity 0.8

9. To what extent would the ‘digital shepherd’ be observable to
farmers who are yet to adopt it when used in their area? 3. Moderately observable 1.2

Population-specific influences on the ability to learn about the innovation (Q3)

10.
What proportion of the target population uses paid advisors
capable of providing advice relevant to the ‘digital
shepherd’?

3. About a half use a relevant
advisor 1.0

11.
What proportion of the target population participates in
farmer-based groups that discuss this type of innovation
(‘digital shepherds’)?

3. About half are involved with a
group that discusses ‘digital
shepherds’

0.9

12.
What proportion of the target population will need to
develop substantial new skills and knowledge to use the
‘digital shepherd’?

3. About half will need new skills
and knowledge 0.8

13. What proportion of the target population would be aware of
the use or trialling of ‘digital shepherds’ in their area?

2. A minority are aware that it has
been used or trialled in their area 1.2
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Table 1. Cont.

Question Answer Std. Dev.

Relative advantage of the innovation (Q4)

14.
What is the size of the up-front cost of the investment
relative to the potential annual benefit from using the ‘digital
shepherd’?

3. Moderate initial investment 0.4

15. To what extent is the adoption of the ‘digital shepherd’ able
to be reversed? 4. Easily reversed 1.0

16.
To what extent is the use of the ‘digital shepherd’ likely to
affect the profitability of the farm in the years during its
implementation and use?

5. Small profit advantage in the
years that it is used 0.8

17. To what extent is the use of the ‘digital shepherd’ likely to
have additional effects on the future profitability of the farm?

5. Small profit advantage in the
future 0.8

18. How long after the ‘digital shepherd’ is first adopted would
it take for effects on future profitability to be realised? 4. 1 to 2 years 0.7

19. To what extent would the use of the ‘digital shepherd’ have
net environmental benefits or costs? 5. Small environmental advantage 1.5

20.
How long after the ‘digital shepherd’ is first adopted would
it take for the expected environmental benefits or costs to be
realised?

5. Immediately 1.1

21. To what extent would the use of the ‘digital shepherd’ affect
the net exposure of the farm to risk? 5. Small reduction in risk 1.0

22.
To what extent would the use of the ‘digital shepherd’ affect
the ease and convenience of the management of the farm in
the years that it is used?

5. Small increase in ease and
convenience 1.5

The standard deviation analysis revealed considerable degrees of disagreement in
relation to the following: (1) the extent to which the ‘digital shepherd’ is observable to
farmers who are yet to adopt it when used in their area (question 9), (2) the proportion of the
target population that would be aware of the use or trialling of the innovation in their area
(question 13), (3) the extent to which the use of the ‘digital shepherd’ has net environmental
benefits or costs (question 19), and (4) the extent to which the use of the innovation will
affect the ease and convenience of the management of the farm in the years that it is used
(question 22). From the corresponding discussion with workshop participants, it became
clear that the ‘digital shepherd’ is in the early stages of the adoption and diffusion process—
with currently only very limited experimental trials (at ILVO grounds) and little concrete
insights on the environmental, economic and management advantages, costs and benefits.

3.3. Results on Adoption Metrics
3.3.1. Peak Adoption Level and Time to Peak Adoption Level

Based on the workshop participants’ answers (see Table 1), which were analysed using
ADOPT, the Peak Adoption Level (PAL) is estimated at 40% of the target population (see
Figure 2). The Time to Peak Adoption Level (TPAL) is estimated at 15 years.

To comprehend the PAL, the ADOPT quadrants Q1 (relative advantage for the popu-
lation) and Q4 (relative advantage of the innovation) need to be analysed (see Figure 1).
Regarding the ‘relative advantage for the population’ (Q1), this relates to the motivations
and orientations of the target population, which are generally difficult to change in the
short run. It is, however, clear that profitability and risk are important considerations for
farmers, and that there is considerable potential to implement the ‘digital shepherd’ on
their farms. Regarding the ‘relative advantage of the innovation’ (Q4), positive, though



Land 2025, 14, 543 9 of 21

small, profit, environmental, risk and farm management benefits from the ‘digital shepherd’
are expected. The combination of these aspects explain the average (40%) PAL.
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Figure 2. Adoption level curve from ADOPT for original (blue) and single step-up (green) and
step-down (red) for the most sensitive question (question 16).

To comprehend the TPAL, in particular the ADOPT quadrants Q2 (learnability charac-
teristics of the innovation) and Q3 (population-specific influences on the ability to learn
about the innovation) need to be analysed (see Figure 1). Regarding the ‘learnability char-
acteristics of the innovation’ (Q2), the moderate trialability, evaluability and observability
of the ‘digital shepherd’ by farmers is noted. Regarding ‘population-specific influences on
the ability to learn about the innovation’ (Q3), about half of all farmers are considered to
use advisory services, are involved in relevant farm-based groups and will need new skills,
while only a minority of farmers are considered to be aware of the use or trialling of the
‘digital shepherd’. Both these aspects explain the relatively long (15 years) TPAL.

3.3.2. Interpretation of Sensitivity Analysis

The sensitivity analysis on all questions shows that the Peak Adoption Level (PAL) is
mostly influenced by the following (see Figure 3):

• Question 16 (To what extent is the use of the ‘digital shepherd’ likely to affect the
profitability of the farm in the years during its implementation and use?): up to
+20%-point increase in PAL;

• Question 17 (To what extent is the use of the ‘digital shepherd’ likely to have additional
effects on the future profitability of the farm?): up to +18%-point increase in PAL;

• Question 19 (To what extent would the use of the ‘digital shepherd’ have net environ-
mental benefits or costs?): up to +16%-point increase in PAL;

• Question 4 (On what proportion of the farms is there a major enterprise that could
benefit from the ‘digital shepherd’?): up to +15%-point increase in PAL;

• Question 22 (To what extent would the use of the ‘digital shepherd’ affect the ease
and convenience of the management of the farm in the years that it is used?): up to
+15%-point increase in PAL;

• Question 21 (To what extent would the use of the ‘digital shepherd’ affect the net
exposure of the farm to risk?): up to +15%-point increase in PAL.
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Figure 3. Sensitivity analysis for Peak Adoption Level of single step-up (green) and step-down (red)
changes for all questions (Image generated by ADOPT_v2.1).

Note that the questions relevant for the PAL for which considerable levels of disagree-
ment were observed in the standard deviation analysis (namely questions 19 and 22; see
Section 3.2) have a significant impact on the PAL of the ‘digital shepherd’ (+16%-point and
+15%-point increase in PAL, respectively).

Hence, it can be concluded that recurrent and future profit and environmental benefits
(questions 16, 17 and 19), the potential size of innovation implementation on the farm
(question 4), management ease and convenience (question 22) and reduction in risk (ques-
tion 21) are critical aspects to be addressed when wider adoption of the ‘digital shepherd’
is considered—potentially leading, on a stand-alone basis, to a 15–20%-point increase in
the Peak Adoption Level of the ‘digital shepherd’.

The sensitivity analysis on all questions shows that the Time to Peak Adoption Level
(TPAL) is mostly influenced by the following (see Figure 4):

• Question 7 (How easily can the ‘digital shepherd’ (or significant components of it) be
trialled on a small scale before a decision is made to adopt it on a larger scale?): up to
a 1.5 year decrease in TPAL;

• Question 8 (Does the complexity of the ‘digital shepherd’ allow the effects of its use to
be easily evaluated when it is used?): up to a 1.5 year decrease in TPAL;

• Question 12 (What proportion of the target population will need to develop substantial
new skills and knowledge to use the ‘digital shepherd’?): up to a 1.5 year decrease
in TPAL.

Note that the questions relevant for the TPAL for which considerable levels of dis-
agreement were observed in the standard deviation analysis (namely, questions 9 and 13;
see Section 3.2) have a relatively small impact on the TPAL of the ‘digital shepherd’ (0.7
and 0.5 year decrease in TPAL, respectively).

Hence, the trialability of the innovation (question 7), the ability to assess its effects
(question 8) and relevant skills and knowledge (question 12) are crucial factors to be
addressed when acceleration of the adoption process of the ‘digital shepherd’ is considered—
potentially leading, on a stand-alone basis, to a 1.5 year decrease in the Time to Peak
Adoption Level of the ‘digital shepherd’. Also note that an increase in the size of the
upfront cost relative to the potential annual benefit (question 14) could significantly slow
down the diffusion process (by over 1 year).
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Figure 4. Sensitivity analysis for Time to Peak Adoption Level of single step-up (green) and step-down
(red) changes for all questions (Image generated by ADOPT_v2.1).

4. Discussion
The Digital Age has shown an increased uptake by means of Artificial Intelligence

(AI), robotics and the Internet of Things (IoT), among others, which can offer invaluable
support for farmers and agribusiness development. These technologies can substantially
increase effectiveness by enhanced connectivity, creating new opportunities for collecting
data to increase farmers’ performance, by 4G advancing to 5G and, further, to 6G in the
near future [8]. It remains unclear to what extent farmers are ready to adopt advanced
technologies, with a risk that only the most wealthy or prepared farmers will invest in
the new technology, which in the long term could lead to an increased digital divide and
inequalities across the agricultural sector in Europe. Therefore, this study assessed the
potential for the adoption and diffusion of the ‘digital shepherd’ among livestock farmers
in Flanders, Belgium.

The results show that the estimated Peak Adoption Level (PAL) of the ‘digital shepherd’
among livestock farmers in Flanders is 40% of the target population, and that the estimated
Time to Peak Adoption Level (TPAL) is 15 years. These results are in line with those for
the adoption of solar photovoltaic systems for water pumping by sugarcane farmers in
Australia (50% PAL and 10 years TPAL; [30]), though well below those for geographic
positioning system (GPS) guidance in tractors by grain growers in Australia (83% PAL and
15 years TPAL; [25]) and for energy management systems in automated dairy cattle barns in
Germany (98% PAL and 8 years TPAL; [31]). A larger adoption of GPS guidance in tractors
is expected because of the larger proportion of the farm that could benefit (question 4) and
because of the larger increase in ease and convenience (question 22). A larger adoption of
energy management systems in automated dairy cattle barns is expected because of the
(far) larger profit (questions 16 and 17), environmental (question 19), risk (question 21) and
ease and convenience (question 22) benefits.

Results from the sensitivity analysis further show that the Peak Adoption Level of the
‘digital shepherd’ can be significantly increased by addressing recurrent and future profit
and environmental benefits, the potential size of innovation implementation on the farm,
management ease and convenience, and reductions in risk. The Time to Peak Adoption
Level of the ‘digital shepherd’ can be somewhat reduced by addressing the trialability
of the innovation, the ability to assess its effects and relevant skills and knowledge. It is
widely acknowledged that these factors influence the adoption and diffusion of innovations
in agriculture (see, e.g., [32,33])—in this, study we also provide insights into the extent to
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which addressing these factors may increase the Peak Adoption Level (per factor, by up to
+20%-points) and decrease the Time to Peak Adoption Level (per factor, by up to 1.5 years).

Access to digitisation is addressed in the literature as an opportunity to improve
quality of life [34]. A digital divide appears when some people benefit from this and others
not, such as due to the gender gap [35] and inequalities across geographical space [36].
Further, the literature refers to a digital divide by people not having access to public
services, such as health care [37], financial services [38] and public administration [39], and
not having a fair data collection and distribution system to avoid imbalances in analyses
and representation [40]. Moreover, lack of the appropriate education can lead to digital
exclusion [41], among others. With ADOPT, these factors can be identified at the early
stages, can be assessed according to their adoption potential and, finally, can be prioritised—
hence allowing policy makers to define appropriate strategies to reduce the digital divide.

Transition takes place at multiple levels, including in the forms of information construc-
tion in policy processes, new relationships, transparency implications in environmental
governance, new global arrangements and public engagement in the Information Age [42].
Through ADOPT, it is believed that the criteria explained during the workshop phase about
the adoption of high-tech by farmers will stimulate a more equal and fair transition to-
wards a future that is more inclusive, environmentally friendly, effective and economically
viable. This responds to the desire to contribute to economic, social and environmental
sustainability. A new high-tech society must ensure directionality and policy coordination,
including coherencies across national, regional, sectoral and technological levels. Notably,
with extensive use of high-tech approaches in ever more digitalised contexts across the
agricultural sector in Europe, new challenges must be dealt with [43]: (1) infrastructure,
including online and physical, transport of information, goods, energy and people; (2) in-
stitutions, including regulation, standards and legislation as well as cultures, norms and
values; (3) interactions and networks that will not overflow nor weaken existing actors’
connections; and (4) the capabilities of people to know how to invest and how to reach spe-
cific goals. Although farmers increasingly take responsibility for sustainability, which often
results in reduced profit margins in the short term [44], policy makers should safeguard
the long-term sustainability impacts [45] as, as yet, farmers will not take full responsibility
for the broad spectrum of ecosystem services, including regulating and maintenance and
cultural ecosystem services [46]. As ADOPT addresses the environmental, social and eco-
nomic sustainability dimensions of innovations that potentiate digital transitions, it can
work as a tool to bridge understanding between the agricultural sector and policy makers.
Moreover, ADOPT provides critical information about how to develop policy measures
that facilitate this digital transition towards sustainable futures.

This study on ‘digital shepherds’ in Flanders, Belgium, represents a good approach
to assess the potential for the adoption and diffusion of farming innovation. However,
the followed approach may not capture all the contextual nuances specific to Flanders’
agricultural sector. The workshop responses likely do not fully represent the totality
of the diverse range of farmers and their objectives, skills, networks, constraints and
opportunities, which should be complemented with parallel approaches—such as a survey-
based application of ADOPT across the entire population of potential adopters (following
López-Maciel et al. [29]. For instance, even if our findings suggest that profitability and
environmental benefits are significant drivers of adoption, there may be underlying socio-
cultural factors and local market conditions influencing these perceptions. For example,
Flemish farms are mostly characterised by having many dispersed fields, and hence the
extent to which the fields are dispersed could influence willingness to adopt technologies
to monitor farm operations across those fields. Future research should also consider a
mixed-method approach, incorporating qualitative insights to complement the quantitative
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results from ADOPT—such as through feedback and discussion on answers to ADOPT
questions, as well as through discussion on ADOPT results with workshop participants
(as in this study) or through discussion with a focus group of experts (e.g., [30]. Moreover,
longitudinal studies tracking the actual adoption and performance of the ‘digital shepherd’
over time would provide better insights into its long-term viability and impact (following,
e.g., Kuehne et al., [25]). Expanding the research to include comparisons with other regions
or similar innovations could also highlight best practices and potential improvements. This
holistic approach would help refine strategies to promote digital farming technologies
across different agricultural communities.

5. Conclusions
In this study, we identify and assess the main constraints on and drivers for the

adoption and diffusion of smart XG, last-mile connectivity and edge computing solutions
in agricultural production systems, with a case study for ‘digital shepherds’ in Flanders,
Belgium. The developed approach contributes to previous studies by assessing the extent
to which farmers are ready to adopt smart XG, last-mile connectivity and edge computing
solutions in agricultural production systems—thus pre-empting the potential risk of a
digital divide and inequalities in the agricultural sector. Factors contributing to a digital
divide are identified and assessed regarding the extent to which they constrain the adoption
and diffusion potential of these high-tech solutions, such that strategies to reduce the digital
divide can be defined. Moreover, the environmental, social and economic sustainability
dimensions of innovations that potentiate digital transition are addressed, and hence the
approach can work as a tool to bridge understanding between the agricultural sector and
policy makers.

There is substantial potential for the adoption (~40% of the target population) and
diffusion (~15 years to peak adoption) of the ‘digital shepherd’ in Flanders. This study
highlights critical factors influencing the adoption and diffusion process. The key drivers
for adoption are economic, environmental and management benefits (or information about
these and the perception thereof), as well as the potential size of innovation implementation
(leading, on a stand-alone basis, to a 15–20%-point increase in adoption). Key drivers for
diffusion are the possibility of trialling and assessing effects, as well as the development of
relevant new skills and knowledge (leading, on a stand-alone basis, to a 1.5 year decrease
in adoption time). These findings reveal that profitability, both immediate and future,
alongside environmental benefits and management convenience, are pivotal in motivating
farmers to adopt the ‘digital shepherd’. Moreover, larger farms are more likely to adopt
it due to their resource availability and operational flexibility, emphasizing the need for
targeted strategies to support smaller farms. These findings also underscore the importance
of addressing trialability, evaluability and the development of relevant skills and knowledge
among farmers to accelerate adoption of the ‘digital shepherd’.

This study provides a robust framework for understanding the adoption and diffusion
dynamics of smart XG, last-mile connectivity and edge computing solutions in agricul-
tural settings. It highlights the necessity of continuous support and clear communication
regarding the benefits and practical implementation of such innovations. Key policy recom-
mendations for enhancing the adoption of high-tech solutions such as the ‘digital shepherd’
include the following: providing financial incentives for small farmers, improving rural
digital infrastructure, offering targeted training and extension programmes, establishing
clear regulatory frameworks for data privacy and cybersecurity, investing in research and
development and public–private partnerships, and raising awareness through effective
communication channels. These measures aim to foster sustainable and inclusive digital
transformation in agriculture.
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Appendix A

Table A1. ADOPT quadrant, variable and question descriptions (source: [25]).

Quadrant Variable Question

Relative advantage for
the population 1. Profit orientation What proportion of the target population has maximising

profit as a strong motivation?

(Q1) 2. Environmental orientation What proportion of the target population has protecting
the natural environment as a strong motivation?

3. Risk orientation What proportion of the target population has risk
minimisation as a strong motivation?

4. Enterprise scale On what proportion of the target farms is there a major
enterprise that could benefit from the innovation?

5. Management horizon What proportion of the target population has a long-term
(greater than 10 years) management horizon for their farm?

6. Short-term constraints What proportion of the target population is under
conditions of severe short-term financial constraints?

Learnability
characteristics of the
innovation

7. Trialling ease
How easily can the innovation (or significant components
of it) be trialled on a limited basis before a decision is made
to adopt it on a larger scale?

(Q2) 8. Innovation complexity Does the complexity of the innovation allow the effects of
its use to be easily evaluated when it is used?

9. Observability To what extent would the innovation be observable to
farmers who are yet to adopt it when used in their area?

Population-specific
influences on the 10. Advisory support

What proportion of the target population uses paid
advisors capable of providing advice relevant to the
innovation?
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Table A1. Cont.

Quadrant Variable Question

ability to learn
about the 11. Group involvement What proportion of the target population participates in

farmer-based groups that discuss this type of innovation?

Innovation
(Q3)

12. Relevant existing skills
and knowledge

What proportion of the target population will need to
develop substantial new skills and knowledge to use the
innovation?

13. Innovation awareness What proportion of the target population would be aware
of the use or trialling of the innovation in their area?

Relative advantage of
the innovation

14. Relative upfront cost of
the innovation

What is the size of the up-front cost of the investment
relative to the potential annual benefit from using the
innovation?

(Q4) 15. Reversibility of the
innovation

To what extent is the adoption of the innovation able to be
reversed?

16. Profit benefit in years
that it is used

To what extent is the use of the innovation likely to affect
the profitability of the farm business in the years that it is
used?

17. Profit benefit in future To what extent is the use of the innovation likely to have
additional effects on the future profitability of the farm?

18. Time for profit benefit to
be realised

How long after the innovation is first adopted would it
take for effects on future profitability to be realised?

19. Environmental impact To what extent would the use of the innovation have net
environmental benefits or costs?

20. Time for env. impacts to
be realised

How long after the innovation is first adopted would it
take for the expected environmental benefits or costs to be
realised?

21. Risk To what extent would the use of the innovation affect the
net exposure of the farm business to risk?

22. Ease and convenience
To what extent would the use of the innovation affect the
ease and convenience of the management of the farm in the
years that it is used?

Appendix B

Table A2. ADOPT variable, question and answer descriptions by quadrant, as used during the
ADOPT workshop on 18 April 2023 at the Flanders Research Institute for Agriculture, Fisheries and
Food (ILVO) in Flanders, Belgium.

Variable Question Answers

Relative advantage for the population (Q1)

1. Profit orientation
What proportion of the target
population has maximising profit as a
strong motivation?

1. Almost none have maximising
profit/utility as a strong motivation

2. A minority have maximising
profit/utility as a strong motivation

3. About a half have maximising
profit/utility as a strong motivation

4. A majority have maximising
profit/utility as a strong motivation

5. Almost all have maximising
profit/utility as a strong motivation
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Table A2. Cont.

Variable Question Answers

2. Environmental
orientation

What proportion of the target
population has protecting the natural
environment as a strong motivation?

1. Almost none have protection of the
environment as a strong motivation

2. A minority have protection of the
environment as a strong motivation

3. About a half have protection of the
environment as a strong motivation

4. A majority have protection of the
environment as a strong motivation

5. Almost all have protection of the
environment as a strong motivation

3. Risk orientation
What proportion of the target
population has risk minimisation as a
strong motivation?

1. Almost none have risk minimisation as
a strong motivation (risk takers)

2. A minority have risk minimisation as a
strong motivation

3. About half have risk minimisation as a
strong motivation

4. A majority have risk minimisation as a
strong motivation

5. Almost all have risk minimisation as a
strong motivation (risk averse)

4. Enterprise scale
On what proportion of the farms is there
a major enterprise that could benefit
from the ‘digital shepherd’?

1. Almost none of the target population
has a major enterprise that could benefit

2. A minority of the target population has
a major enterprise that could benefit

3. About half of the target population has a
major enterprise that could benefit

4. A majority of the target population has a
major enterprise that could benefit

5. Almost all of the target population has a
major enterprise that could benefit

5. Management horizon
What proportion of the target population
has a long-term (more than 10 years)
planning horizon for their farm?

1. Almost none have a long-term planning
horizon

2. A minority have a long-term planning
horizon

3. About a half have a long-term planning
horizon

4. A majority have a long-term planning
horizon

5. Almost all have a long-term planning
horizon

6. Short-term constraints
What proportion of the target
population is under conditions of severe
financial constraints?

1. Almost all currently have severe
short-term financial constraints

2. A majority currently have severe
short-term financial constraints

3. About half currently have severe
short-term financial constraints

4. A minority currently have severe
short-term financial constraints

5. Almost none have severe short-term
financial constraints
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Table A2. Cont.

Variable Question Answers

Learnability characteristics (Q2)

7. Trialling ease

How easily can the ‘digital shepherd’ (or
significant components of it) be trialled
on a small scale before a decision is
made to adopt it on a larger scale?

1. Not trialable at all
2. Difficult to trial
3. Moderately trialable
4. Easily trialable
5. Very easily trialable

8. Innovation complexity
Does the complexity of the ‘digital
shepherd’ allow effects of its use to be
easily evaluated when it is used?

1. Very difficult to evaluate effects of use
due to complexity

2. Difficult to evaluate effects of use due to
complexity

3. Moderately difficult to evaluate effects
of use due to complexity

4. Slightly difficult to evaluate effects of
use due to complexity

5. Not at all difficult to evaluate effects of
use due to complexity

9. Observability

To what extent would the ‘digital
shepherd’ be observable to farmers who
are yet to adopt it when used in their
area?

1. Not observable at all
2. Difficult to observe
3. Moderately observable
4. Easy observable
5. Very easy observable

Learnability of the population (Q3)

10. Advisory support
What proportion of the target population
uses paid advisors capable of providing
advice relevant to the ‘digital shepherd’?

1. Almost none use a relevant advisor
2. A minority use a relevant advisor
3. About a half use a relevant advisor
4. A majority use a relevant advisor
5. Almost all use a relevant advisor

11. Group involvement

What proportion of the target
population participates in farmer-based
groups that discuss this type of
innovation (‘digital shepherds’)?

1. Almost none are involved with a group
that discusses ‘digital shepherds’

2. A minority are involved with a group
that discusses ‘digital shepherds’

3. About half are involved with a group
that discusses ‘digital shepherds’

4. A majority are involved with a group
that discusses ‘digital shepherds’

5. Almost all are involved with a group
that discusses ‘digital shepherds’

12. Relevant existing
skills and knowledge

What proportion of the target
population will need to develop
substantial new skills and knowledge to
use the ‘digital shepherd’?

1. Almost all need new skills and
knowledge

2. A majority need new skills and
knowledge

3. About half will need new skills and
knowledge

4. A minority will need new skills and
knowledge

5. Almost none will need new skills or
knowledge
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Table A2. Cont.

Variable Question Answers

13. Innovation awareness
What proportion of the target population
would be aware of the use or trialling of
‘digital shepherds’ in their area?

1. It has never been used or trialled in their
area

2. A minority are aware that it has been
used or trialled in their area

3. About a half are aware that it has been
used or trialled in their area

4. A majority are aware that it has been
used or trialled in their area

5. Almost all are aware that it has been
used or trialled in their area

Relative advantage (Q4)

14. Relative upfront cost
of the innovation

What is the size of the up-front cost of
the investment relative to the potential
annual benefit from using the ‘digital
shepherd’?

1. Very large initial investment
2. Large initial investment
3. Moderate initial investment
4. Minor initial investment
5. No initial investment required

15. Reversibility of the
innovation

To what extent is the adoption of the
‘digital shepherd’ able to be reversed?

1. Not reversible at all
2. Difficult to reverse
3. Moderately difficult to reverse
4. Easily reversed
5. Very easily reversed

16. Profit benefit in years
that it is used

To what extent is the use of the ‘digital
shepherd’ likely to affect theprofitability
of the farm in the years during its
implementation and use?

1. Large profit disadvantage in years that
it is used

2. Moderate profit disadvantage in years
that it is used

3. Small profit disadvantage in the years
that it is used

4. No profit advantage or disadvantage in
the years that it is used

5. Small profit advantage in the years that
it is used

6. Moderate profit advantage in the years
that it is used

7. Large profit advantage in the years that
it is used

8. Very large profit advantage in the years
that it is used

17. Profit benefit in future

To what extent is the use of the ‘digital
shepherd’ likely to have additional
effects on the future profitability of the
farm?

1. Large profit disadvantage in the future
2. Moderate profit disadvantage in the

future
3. Small profit disadvantage in the future
4. No profit advantage or disadvantage in

the future
5. Small profit advantage in the future
6. Moderate profit advantage in the future
7. Large profit advantage in the future
8. Very large profit advantage in the future
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Table A2. Cont.

Variable Question Answers

18. Time for profit benefit
to be realised

How long after the ‘digital shepherd’ is
first adopted would it take for the effects
on future profitability to be realised?

1. More than 10 years.
2. 6 to 10 years
3. 3 to 5 years
4. 1 to 2 years
5. Immediately
6. Not applicable

19. Environmental impact
To what extent would the use of the
‘digital shepherd’ have net
environmental benefits or costs?

1. Large environmental disadvantage
2. Moderate environmental disadvantage
3. Small environmental disadvantage
4. No net environmental effects
5. Small environmental advantage
6. Moderate environmental advantage
7. Large environmental advantage
8. Very large environmental advantage

20. Time for
environmental impacts to
be realised

How long after the ‘digital shepherd’ is
first adopted would it take for the
expected environmental benefits or costs
to be realised?

1. More than 10 years
2. 6 to 10 years
3. 3 to 5 years
4. 1 to 2 years
5. Immediately
6. Not applicable

21. Risk
To what extent would the use of the
‘digital shepherd’ affect the net exposure
of the farm to risk?

1. Large increase in risk
2. Moderate increase in risk
3. Small increase in risk
4. No increase in risk
5. Small reduction in risk
6. Moderate reduction in risk
7. Large reduction in risk
8. Very large reduction in risk

22. Ease and convenience

To what extent would the use of the
‘digital shepherd’ affect the ease and
convenience of the management of the
farm in the years that it is used?

1. Large decrease in ease and convenience
2. Moderate decrease in ease and

convenience
3. Small decrease in ease and convenience
4. No decrease in ease and convenience
5. Small increase in ease and convenience
6. Moderate increase in ease and

convenience
7. Large increase in ease and convenience
8. Very large increase in ease and

convenience
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