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Abstract. This study examines the role of enabling technologies in the agroecologi-
cal transition, focusing on sustainable water management in citrus farming through 
the participatory approach of a Living Lab in the Inner Area of Calatino in Sicily. The 
analysis is based on a comparison of two citrus farms: one equipped with advanced 
digital tools (sensors, decision support systems, and real-time monitoring), and one 
with a traditional management approach. Through the joint application of economic 
analysis, Monte Carlo simulation and sensitivity analysis, it was possible to estimate 
the effects of technology adoption. Findings reveal that enabling technologies reduce 
water consumption by 33%, increase yield per hectare by 16%, and boost net profit by 
25% (+€2,780/ha), enhancing resource efficiency and lowering operational costs. Addi-
tionally, the Living Lab facilitated knowledge transfer, fostered collaboration, and miti-
gated resistance to innovation, highlighting the need for targeted training and institu-
tional support to promote broader adoption. These results provide valuable insights for 
policymakers and stakeholders, demonstrating how digital solutions can drive sustain-
ability, economic viability, and resilience in agriculture, but also for farmers, providing 
operational tools to improve farm efficiency and profitability.

Keywords: agroecology, enabling technologies, living lab, water management, citrus 
farming.

1. INTRODUCTION

In recent decades, agroecology has become a key strategy to tackle sus-
tainability challenges in agriculture. It combines ecological, economic, and 
social principles to address problems like soil degradation, biodiversity loss, 
climate change, and economic inequality This paradigm not only protects 
the environment but also offers economic advantages by fostering local mar-
kets, short supply chains, and more equitable and resilient food systems (Van 
der Ploeg et al., 2019; D’Annolfo et al., 2017; Poux and Aubert, 2018).

Agroecology successfully integrates environmental sustainability with 
agricultural productivity through practices that enhance soil fertility, pro-
mote crop diversification, and reduce reliance on chemical inputs. Studies 
have demonstrated that agroecological systems can achieve yields comparable 
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to those of conventional agriculture while delivering sig-
nificant benefits in terms of lower environmental impact 
and increased resilience to climate change (D’Annolfo 
et al., 2017; Poux and Aubert, 2018). Moreover, adopt-
ing agroecological practices improves the quality of food 
produced, contributing to human health and the well-
being of farming communities (Belliggiano and Conti, 
2019).

Other studies have highlighted how agroecological 
systems can generate economic benefits for farmers by 
reducing dependence on external inputs and increas-
ing long-term profitability (Van der Ploeg et al., 2019; 
D’Annolfo et al., 2017). However, the agroecological 
transition requires adequate support from public poli-
cies, including instruments that promote the adoption 
of agroecological practices and facilitate market access 
for small-scale producers (Gava et al., 2022; Schiller et 
al., 2020). Agroecology not only promotes more sustain-
able and resilient farming practices but also represents a 
comprehensive approach to agri-food governance, foster-
ing farmers’ autonomy, food sovereignty, and social jus-
tice (Van der Ploeg et al., 2019).

A key factor in accelerating the agroecological tran-
sition is the integration of Key Enabling Technologies 
(KETs), such as digital tools, Internet of Things (IoT) sen-
sors, artificial intelligence, and precision agriculture sys-
tems, which optimize resource management and reduce 
waste (Chollet et al., 2023; Bellon-Maurel et al., 2022). 
These technologies provide real-time data on soil and crop 
status, boosting efficiency and reducing environmental 
impact (Fischetti et al., 2025; Ewert et al., 2023). By adapt-
ing practices to local conditions, KETs offer agroecology a 
practical path to greater sustainability (Ewert et al., 2023).

However, the integration of KETs into agroecology 
has sparked debate within the agroecological commu-
nity, dividing the sector into two opposing perspectives. 
Traditionalists argue that agroecology should preserve 
traditional practices and local knowledge, avoiding reli-
ance on technological tools that could disrupt the eco-
logical and social balance of agricultural systems. Mod-
ernizers see innovation as an opportunity to improve 
sustainability and efficiency. They support the respon-
sible integration of new technologies to make farming 
models more resilient (Bertoglio et al., 2021; Menozzi et 
al., 2015; Arata and Menozzi, 2023).

Despite these concerns, the synergy between agro-
ecology and enabling technologies offers significant 
potential for sustainable development, particularly in 
inner areas. These territories can benefit from agro-
ecological innovation to revitalize agricultural activ-
ity and enhance local natural resources (Gava et al., 
2025; Verharen et al., 2021). Moreover, inner areas offer 

unique opportunities for agroecological innovation 
due to the presence of traditional farming systems and 
the availability of high-quality natural resources (Ver-
haren et al., 2021). The integration of modern technolo-
gies into agroecological production systems – through 
decision-support tools, knowledge-sharing platforms, 
and mobile applications for farm management (Espelt 
et al., 2019; Emeana, 2021) –  represents a concrete 
opportunity to facilitate the transition to more sustain-
able models. These tools can help reduce barriers to the 
adoption of agroecological practices and strengthen 
producers’ competitiveness in the market (Maurel and 
Huyghe, 2017).

In this context, Living Labs emerge as essential tools 
for promoting an integrated system that combines tech-
nology and agroecology. These participatory innova-
tion spaces engage farmers, researchers, policymakers, 
and other agri-food system stakeholders, fostering the 
experimentation of innovative solutions and facilitat-
ing knowledge transfer at the local level (Larbaigt et al., 
2024; Berghez et al., 2019; Giampietri et al., 2020; Ouat-
tara et al., 2024). Living Labs serve as a bridge between 
scientific research and agricultural practice, allowing 
technologies to be tailored to specific territorial needs, 
thereby improving farmers’ acceptance of new practices 
and enhancing the effectiveness of transition strategies 
(Giagnocavo et al., 2022; Belliggiano and Conti, 2019).

A concrete example of such integration is the experi-
mental initiative focused on citrus farming in the inner 
area known as the “Calatino,” aimed at demonstrating 
its economic feasibility. This territory encompasses nine 
municipalities in central-eastern Sicily (Caltagirone, 
Grammichele, Licodia Eubea, Mazzarrone, Mineo, Mira-
bella Imbaccari, San Cono, San Michele di Ganzaria, 
and Vizzini) all within the Metropolitan City of Catania. 
The area represents 1.6% of the regional population and 
spans approximately one thousand square kilometres.

In this Living Lab a range of integrated systems have 
been installed, incorporating weather stations, sensors, 
and decision-support systems, with the aim of optimis-
ing water usage. This initiative is expected to enhance 
resource use efficiency, while concurrently improving the 
resilience and economic viability of the production sys-
tem (Fischetti et al., 2025; Ewert et al., 2023; Rocchi et 
al., 2024). 

Citrus farming was selected for this study because it 
represents one of the most relevant agricultural sectors 
in Sicily, with more than 30% of national citrus produc-
tion, and oranges covering more than 60% of the total 
supply (Scuderi et al., 2022). While remaining a leading 
global player, Italy has lost leadership in the last decade 
due to structural criticalities in strategic areas such as 
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Sicily (Rapisarda et al., 2015), which nevertheless main-
tains 55 % of the national area dedicated to citrus (about 
61 000 ha) (Istat, 2022). 

The research was based on the hypothesis that 
adopting an integrated system (weather station, sensors, 
and decision-support system) enables a more sustainable 
management of water resources, reducing waste (water 
consumption) and environmental costs while positively 
impacting operational costs, revenues, and farm eco-
nomic efficiency.

Therefore, the following research questions were for-
mulated:

Q1. How can the integration of enabling technologies 
accelerate the agroecological transition in inner areas?
Q2. What are farmers’ perceptions and resistances regard-
ing the adoption of digital tools and precision agriculture 
systems in the agroecological context?
Q3. What economic and environmental impacts result 
from combining agroecological practices with innovative 
technologies, particularly in the citrus sector?
Q4. To what extent do Living Labs facilitate the creation 
of an integrated system that merges technology and agro-
ecology, fostering sustainability in inner areas?

2. MATERIALS AND METHODS

2.1. Study Area

The Inner Area of Calatino covers approximately 
982 km² and includes nine municipalities in the prov-
ince of Catania: Caltagirone, Grammichele, Licodia 
Eubea, Mazzarrone, Mineo, Mirabella Imbaccari, San 
Cono, San Michele di Ganzaria, and Vizzini. The area 
has a population of approximately 70,606 inhabitants. It 

is characterized by an economy strongly linked to agri-
culture, with a significant presence of farms and special-
ized crops, as well as artisanal activities primarily relat-
ed to ceramics and small-scale industry.

The utilized agricultural area (UAA) of the Inner 
Area of Calatino amounts to 56,330 hectares, of which 
approximately 4% is allocated to organic farming. 
Organic production is particularly concentrated in the 
municipalities of San Cono (11%) and Vizzini (9.9%). 
Overall, the Calatino region hosts 279 organic farms, 
primarily cultivating citrus fruits, vineyards, olive 
groves, and herbaceous crops, representing a growing 
sector.

One of the most representative sectors in terms of 
income and employment in Calatino is citrus produc-
tion, particularly concentrated in the municipality of 
Mineo, which hosts vast plantations dedicated to the cul-
tivation of oranges and mandarins (Table 1).

Additionally, other municipalities in the area, such 
as Caltagirone and Vizzini, also feature extensive citrus 
orchards, although integrated with other agricultural 
productions. Mazzarrone is renowned for its PGI table 
grapes, while San Cono stands out for its PDO prickly 
pear (Figure 1).

Local agriculture is characterized by a combina-
tion of herbaceous crops (cereals, legumes, forages) and 
tree crops (vineyards, olive groves, citrus orchards, and 
fruit trees), with a huge portion of the area dedicated to 
organic or transitioning farming methods.

The University of Catania has launched a Living Lab 
with the aim of fostering the transition towards sustain-
ability and a circular economy. The initiative involves 
farmers, local institutions, environmental organisa-
tions and consumers, and is focused on establishing the 
Calatino Bio-district. Among the various crops present, 

Table 1. Agricultural land and crops in the Calatino region.

Municipality Area (km²) Farms
Utilised 

agricultural area 
(ha)

Citrus groves 
(ha) Vineyards (ha) Olive groves 

(ha)
Herbaceous 
crops (ha)

Caltagirone 383.37 2,368 20,437 615 892 1,469 10,659
Grammichele 32.07 511 1,698 480 21 176 665
Licodia Eubea 112.45 823 6,132 68 956 342 2,660
Mazzarrone 34.78 352 1,905 17 865 160 375
Mineo 245.27 1,859 15,423 3,000 30 952 5,573
Mirabella Imbaccari 15.3 214 990 4 9 117 419
San Cono 6.63 100 278 1 4 33 58
San Michele di Ganzaria 25.81 217 904 4 45 139 535
Vizzini 126.75 463 8,563 170 48 296 4,080
Total Calatino 982 6,907 56,330 4,359 2,870 3,684 25,024

Source: Elaboration on ISTAT data, 2022.
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citrus cultivation was chosen as the focal crop for the 
Living Lab project because of its significant economic 
weight in the Calatino area and its sensitivity to water 
resource management issues. Citrus fruits represent one 
of the main sources of local agricultural income and 
require particularly efficient water management, making 
them an ideal case for experimenting with innovative 
strategies in line with agroecological principles. 

The primary objectives are to promote:
–	 the transition to organic farming and organic certifica-

tion to enhance the competitiveness of local products;
–	 the adoption of sustainable agricultural practices, 

such as crop rotations, organic fertilizers, and inte-
grated pest management, in line with agroecological 
principles;

–	 short supply chains, through local markets and the 
creation of a food hub for the distribution and val-
orization of organic products;

–	 social inclusion and cooperation among producers, 
processors, and distributors.

Through these strategies, the Bio-district aims to 
enhance the environmental sustainability of local agri-
culture and promote economic development based on 
circularity and biodiversity, positioning Calatino as a 
model for agroecological transition in Sicily.

2.2. Study design

The Calatino Living Lab serves as a participatory plat-
form where farmers, researchers, technical experts, and 
institutional representatives collaborate to facilitate the 
agroecological transition of the region. This large-scale 
transition is often hindered by regulatory constraints, eco-
nomic challenges, and technological limitations (Toffo-
lini et al., 2021; Beaudoin et al., 2022; Potters et al., 2022; 
Yousefi and Ewert, 2023; Timpanaro et al., 2024; Gardezi 
et al., 2024). In Sicily, the recent regional legislation on 
agroecology (Regional Law No. 21 of 29/07/2021, “Pro-
visions on Agroecology, Biodiversity Protection, Sicilian 

Figure 1. Production characteristics of the study area (our elaboration).



71Enabling technologies in citrus farming: A living lab approach to agroecology and sustainable water resource management

Bio-based and Applied Economics 14(4): 67-84, 2025 | e-ISSN 2280-6172 | DOI: 10.36253/bae-17357 

Agricultural Products, and Technological Innovation in 
Agriculture”) establishes strict criteria for farms, highlight-
ing the need for an in-depth analysis of its practical impli-
cations and potential areas for improvement.

The methodological approach adopted is summa-
rized in Figure 2. The establishment of a collaborative 
ecosystem is imperative for the co-design of innovative 
solutions for sustainable water resource management, 
agroecology, and the adoption of enabling technologies 
by farmers, institutions, researchers, businesses, and con-
sumers. A preliminary study involved the identification 
of key stakeholders and the definition of local challeng-
es. This was followed by structuring the Living Lab as a 
participatory platform for research and experimentation. 
Stakeholders were selected using a targeted approach, 
favoring organic or in-conversion farmers operating in 
the citrus sector who expressed interest in adopting agro-
ecological practices and innovative technologies. Institu-
tional representatives, technicians and local associations 
with a key role in promoting agricultural sustainabil-
ity in the Calatino area were also involved. Stakeholder 
engagement was achieved through preliminary meetings, 
thematic focus groups, interactive workshops, and dem-
onstration visits to pilot farms, with invitations dissemi-
nated via email, social media, and local networks. 

Although this targeted selection ensured the active 
participation of motivated and competent actors, it is 
important to recognise that it may have introduced a 
certain degree of bias into the selection. Specifically, the 
inclusion of stakeholders already inclined towards inno-
vation and sustainability may limit the generalisability of 
the results to broader agricultural populations that may be 
more hesitant or resistant to adopting digital technologies.

The first step of the Living Lab was an in-depth 
analysis of regional regulations to understand the crite-
ria for recognizing agroecological farms and the poten-
tial barriers to their adoption. Through participatory 
discussions among stakeholders several critical issues 
were identified, including:
–	 high initial requirements, such as the obligation to 

allocate 20% of farmed land to native varieties and to 
replant 20% of the area with indigenous tree species;

–	 management difficulties, due to the requirement for 
complex environmental certifications and the high 
costs of compliance;

–	 limited technological support, as no incentives are 
provided for adopting innovative tools that could 
facilitate the agroecological transition;

–	 commercial constraints, including the obligation to 
sell 20% of production in local markets, a require-
ment that could disadvantage farms located in more 
remote areas.

The stakeholder discussions within the Living Lab 
also highlighted a shared need to leverage technological 
innovations to support farms in resource management, 
improve production efficiency, and ensure economic sus-
tainability. A key concern among stakeholders was water 
resource management, one of the main challenges for 
Sicilian agriculture. Multiple focus groups were organ-
ized to explore issues such as:
–	 how can water management be improved in agroe-

cological farms?
–	 which technologies can promote water conservation 

without compromising productivity?
–	 what strategies can be adopted to make irrigation 

more efficient and less dependent on intensive water 
use?
The focus groups revealed that many organic farms 

lack advanced tools for water monitoring, relying instead 
on empirical practices that often lead to waste or water 
shortages.

Based on the discussions and emerging needs, two 
organic citrus farms in the Calatino region were selected 
as pilot cases to assess the impact of enabling technolo-
gies applied to irrigation management (one implement-
ing Key Enabling Technologies and the other without 
KETs). These farms align with the agroecological prin-
ciples defined by FAO (2018) and were equipped with 
(Table 2):
–	 weather stations for real-time monitoring of temper-

ature, humidity, and precipitation;
–	 soil sensors to measure moisture levels and optimize 

irrigation;

Figure 2. Methodological framework adopted in the Calatino Liv-
ing Lab.
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–	 Decision Support Systems (DSS) based on climatic 
and agronomic data to enhance resource management.
The choice of these technologies was guided directly 

by the critical issues identified during the focus groups. 
Soil sensors and weather sheds allow accurate monitor-
ing of environmental parameters, enabling more efficient 
irrigation management tailored to actual crop needs. 
The DSS system provides farmers with decision support 
based on objective data, reducing uncertainty in irriga-
tion planning and helping to limit water wastage. Table 
2 summarizes the comparison between the principles 
of agroecology (FAO, 2018), the corresponding enabling 
technologies, and their practical application in tradi-
tional agroecology, precision agriculture, and the two 
pilot farms within the Living Lab. The structure of the 
table allows for a direct comparison of how different 
approaches integrate technology to address agroecologi-
cal goals. Reading across each row, one can observe the 
progressive transition from traditional practices to pre-

cision and digitally-supported agroecological farming. 
Each principle – such as biodiversity, resource efficiency 
or co-creation of knowledge – is linked to specific digital 
tools (e.g. soil sensors, DSS platforms) and correspond-
ing practices observed in the field. For example, while 
the traditional approach relies on experience-based deci-
sions, the digitised farm uses real-time data to manage 
irrigation and nutrient input more precisely. This align-
ment between agroecological objectives and enabling 
technologies illustrates how innovation can improve sus-
tainability and productivity without compromising eco-
logical integrity.

2.3. Elaboration method

The comparison between citrus farming with and 
without innovative technologies was based on the analy-
sis of total costs and net benefits for each system, includ-

Table 2. Comparison between Agroecology, Precision Agriculture and the two pilot citrus farms for experimentation within the Calatino 
Living Lab.

FAO principles Enabling technologies Agroecology Precision agriculture Farm with 
technologies

Farm without 
technologies

1. Diversity GIS (Geographic 
Information Systems) Biodiversity mapping Irrigation and 

fertilization zoning
Mapping cover crops 
and water retention

Traditional cultivation 
without mapping

2. Synergy Big Data Local agroecological 
planning

Optimization of 
production efficiency

Weather and soil 
data analysis for crop 
synergy

Experience-based 
management and 
traditional rotations

3. Efficiency IoT (Internet of 
Things)

Sensors for water 
conservation

Automated irrigation 
and fertilization

Targeted irrigation 
sensors and DSS for 
water management

Scheduled irrigation 
without monitoring

4. Resilience Drones Monitoring of natural 
resources

Detection of 
infestations and 
targeted irrigation

Decision-support 
system for mitigating 
water and climate 
stress

Reactive response to 
climate change without 
predictive tools

5. Recycling Sensors Natural measurement 
of soil nutrients

Advanced soil and 
crop monitoring

Nutrient monitoring to 
reduce chemical inputs

Fertilizers and 
compost application 
based on experience

6. Knowledge Sharing Big Data and digital 
platforms

Shared access to 
environmental and 
agricultural data

AI-driven process 
optimization

Software for 
comparison between 
agroecological farms

Limited knowledge 
exchange within local 
cooperatives

7. Human and Social 
Values

Mobile applications for 
farmers

Digital training for 
social inclusion

Agricultural workforce 
automation

Decision-making 
support based on 
digital data

Dependence on 
personal experience 
and manual labor

8. Food Traditions Blockchain for 
traceability

Protection of local 
production

Monitoring of 
production chains

Traceability of farm 
sustainability

Traditional sales 
without digital 
certification

9. Responsible 
Governance Open data and GIS

Active participation 
in agricultural 
management.

Automated data 
collection for 
agricultural policies

Use of platforms for 
farm monitoring

Participation limited to 
local cooperatives

10. Circular Economy
IoT and AI for 
agricultural waste 
management

Recycling and 
reuse of agricultural 
by-products

Waste reduction 
through optimization

Crop residue 
recovery and reuse of 
wastewater

Traditional disposal 
without optimization
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ing water savings, production yield, and profitability 
increase, as extensively explored in the literature (Alston, 
2010; Pardey et al., 2010; Lubell et al., 2011; Alston et al., 
2021; Medici et al., 2021; Jamil et al., 2021).

The baseline assumptions for the comparison are 
reported in Table 3. The analyzed parameters highlight 
the potential impact of digital innovations on irrigation, 
climate monitoring, decision-making processes, water-
use efficiency, management costs, and agronomic yield.

As for the total costs (C) for each agricultural sys-
tem, these are calculated as the sum of the costs of water, 
fertiliser, labour, cover crops and technology (for the 
innovative system only), as shown in Table 4.

The additional benefit of farming with innovative 
technologies over conventional farming is given by:

Expanding

where:
(Pt - Pc) * p = represents the increase in profitability due 
to increased production. 
(Wt - Wc) * Cw = represents the water savings in terms of 
costs.
Ct + Ccc are the additional costs for the adoption of tech-
nologies and cover crops.

If:
B>0 → adoption of the technologies is cost effective.
B<0 → the additional costs outweigh the benefits, mak-

ing the transition uneconomic without incentives.
B 0 → Profitability is similar in the two models, but 

there may be indirect environmental benefits.

The economic evaluation was completed with a sen-
sitivity analysis, hypothesising alternative scenarios on a 
possible rent for the KETs plant and equipment (neces-
sary to have up-to-date and enhanced decision support 
systems with links to meteorological databases), and 
with a Monte Carlo modelling to focus the analysis on 
the other variables (water consumption, operating costs, 
production) that present uncertainty and that most 
influence the difference in profit between the two pilot 
companies.

Monte Carlo modelling assumes that:

At the end of N iterations we estimate 
–	 the average profit for each company

 and 

–	 the average difference

–	 the distribution (and dispersion) of ∆Π, which 
makes it possible to assess the probability that the 
technology will lead to a higher profit.
The final Monte Carlo model used was as follows:

where each uncertain parameter is sampled from a spec-
ified distribution. Repeating this calculation for many 

Table 3. Comparison parameters adopted in the evaluation of KETs in citrus fruit growing.

Aspect Farm with technology Farm without technology

Irrigation Uses precise data (soil moisture, weather forecasts) to 
optimize water requirements

Irrigation based on experience and traditional fixed 
irrigation cycles (not optimized)

Climate monitoring Weather station and sensors provide real-time data on 
temperature, wind, and rainfall Based on visual observations and generic weather forecasts

Decision-making User-friendly application suggests irrigation timing and 
quantity Subjective decisions based on intuition and experience

Water efficiency Greater water control with reduced waste High risk of water excess or deficit, leading to higher-than-
necessary consumption

Management costs Initial investment in technology, but lower variable costs 
(e.g., energy for irrigation) Constant costs due to inefficient resource use

Agronomic yield Optimized water requirements and reduced plant stress, 
leading to higher productivity

Yield affected by irrigation mismanagement or unexpected 
climatic conditions

Source: Our elaboration.



74

Bio-based and Applied Economics 14(4): 67-84, 2025 | e-ISSN 2280-6172 | DOI: 10.36253/bae-17357 

Giuseppe Timpanaro et al.

iterations yields the profit difference distribution, which 
provides a comprehensive assessment of the economic 
sensitivity to the adoption of the innovative technology.

3. RESULTS

3.1. Living Lab approach and case study characteristics

The two citrus farms analyzed were identified as pilot 
sites within the Living Lab of the Calatino Inner Area, a 
collaborative ecosystem aimed at testing and validating 
innovative solutions for regenerative citrus farming and 
sustainable water resource management. The objective is to 
develop scalable strategies for other farms seeking to inte-
grate regenerative practices with technological innovations.

The selection of the farms (Table 5) was based on:
–	 Representation of the citrus sector within the region 

and the study area.
–	 Diversity in management practices, as one farm 

adopted enabling technologies, while the other relied 
on a traditional agroecological approach.

–	 Entrepreneurs’ willingness to engage in the co-
experimentation and training process.
The two pilot farms are in Mineo (Catania province) 

and share the same production identity (5 hectares of 
blood oranges, organic certification, and a commitment 
to regenerative agriculture). Their differing agricultural 
management approaches make them suitable case stud-
ies for assessing the impact of enabling technologies 
compared to a system based solely on traditional agro-
nomic experience.

The farm utilizing innovative technology has inte-
grated sensors, a decision support system (DSS), and 
advanced soil analysis to optimize irrigation and plant 
nutrition. The goal is to achieve more efficient water use, 
a more targeted nutrient management strategy, and con-

tinuous pest monitoring, thereby reducing input usage 
and maximizing productivity.

The farm without innovative technology follows a 
more traditional approach, with manually scheduled 
irrigation and fertilization based on the farmer’s experi-
ence. While it employs cover crops and organic farming 
strategies, it lacks tools for real-time monitoring of soil 
and water conditions, which can result in less precise 
management and higher resource consumption.

The intersection of three key elements – organic 
farming (a low-impact agricultural management model 
aligned with agroecological principles, aiming for bal-
anced and resilient production systems while reducing 
dependency on external inputs), regenerative agriculture 
(cover crops contribute to reducing erosion, improv-
ing water retention, and increasing soil organic matter, 
fostering a healthier and more productive ecosystem in 
the long term), and enabling technologies (agroecology 
does not exclude technology but leverages it to enhance 
sustainable resource management) – is represented by 
agroecology. This guiding principle unites the two pilot 
farms of the Living Lab in the Calatino.

This integrated approach improves the sustainability, 
productivity, and resilience of agricultural systems, turn-
ing environmental and economic challenges into oppor-
tunities for innovation (Niggli, 2015; Gascuel-Odoux et 
al., 2022; Bless et al., 2023; Domínguez et al., 2024).

3.2. Issues related to the management of irrigation resources

The discussion among stakeholders on the water 
emergency in citrus farming has highlighted how it is 
the result of a combination of climatic, institutional and 
economic factors that negatively affect production and 
farm sustainability. Figure 3 represents a visualization 
of the relationships between the main factors character-

Table 4. Data determination methodology for evaluating the cost-effectiveness of adopting KETs technology for water savings.

Variables Farm with Technology Farm without Technology

Total costs (C)

Total revenue (R)

Net profit ( )

The variables considered were the following: A = Cultivated area (ha); Pc = Production per hectare in agriculture without innovative water-
saving technologies (t/ha); Pt = Production per hectare in agriculture with innovative water-saving technologies (t/ha); p = Sales price 
per tonne (€/t); Wc = Water consumption per hectare in agriculture without innovative water-saving technologies (m³/ha); Wt = Water 
consumption per hectare in agriculture with innovative water saving technologies (m³/ha); Cw = Water cost per m³ (€/m³); Cf = Fertiliser 
cost per hectare (€/ha); Cp = Pesticide cost per hectare (€/ha); Ct = Technology cost (installation + maintenance per hectare) (€/ha); Ccc = 
Cover crop cost per hectare (€/ha); Ce = Energy cost per hectare (€/ha); Cother = Other costs (€/ha).
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izing this crisis, as they emerged during the focus group. 
The structure was elaborated using MAXQDA software, 
through the exploration of co-occurrences between 
thematic codes applied to text segments. The figure is 
organized hierarchically, starting from the main cause 
(climate change) at the top, branching downward into its 
effects on water availability and plant health, and further 
into institutional and economic consequences. Arrows 
represent causal links, while mitigation strategies are 
shown as side branches connected to the specific prob-
lems they address. No color coding was used; the struc-
ture is entirely based on logical connections and the-
matic clusters. This approach made it possible to clearly 
highlight the connections between climatic, institutional 
and economic variables, as well as the mitigation strate-
gies adopted by citrus growers and sector experts.

The central element of the water crisis, as emerged 
from the discussion, is climate change, which manifests 
through alterations in rainfall patterns. This results in 
two opposing but equally damaging situations: water scar-
city, caused by reduced precipitation and rising tempera-
tures that intensify evaporation and increase plant water 
demand, or water excess, with sudden and intense rainfall 
leading to floods, water stagnation, and root damage.

These issues are compounded by institutional ineffi-
ciency, which worsens water resource management. The 
lack of maintenance of watercourses, poor planning in 
water distribution, and the bureaucratic rigidity of rec-
lamation consortia make it difficult for citrus growers to 
access water when they need it most. Additionally, the 
absence of a consumption-based pricing system leads to 
waste and inefficient resource use.

To address the water crisis, citrus growers have adopt-
ed various technological and agronomic solutions. These 
include innovations in irrigation, such as surface and sub-
surface micro-irrigation systems to reduce water waste, or 
the use of regulated deficit irrigation systems to optimize 

water use according to plant growth stages. Farmers have 
also experimented with alternative water resources, such 
as treated wastewater, through phytoremediation process-
es, to reduce dependence on conventional water sources. 
A common strategy is the selection of rootstocks resistant 
to water stress, as well as the use of raised beds to improve 
drainage and controlled cover cropping.

According to stakeholders, a coordinated territorial 
approach involving public institutions, reclamation con-
sortia, and producer organizations is lacking. Addition-
ally, a revision of irrigation tariffs based on actual con-
sumption could encourage more responsible water use, 
while increased digitalization in water resource manage-
ment (sensors, weather stations) could enable more pre-
cise irrigation planning. 

Table 5. Structural characteristics of the pilot sites.

Information Farm with technology Farm without technology

Localization Mineo Mineo
UAU, ha 5 5
Production address Blood orange Blood orange
Organic certification Yes Yes
Regenerative agriculture Cover crops + advanced water management Cover crops with traditional management
Water use Sensor monitoring + DSS Manually programmed irrigation
Nutrient management Soil analysis + targeted fertilisation Experience-based fertilisation
Pest control Biological strategies + data monitoring Biological strategies without monitoring
Market Selling to local supply chains and quality markets Selling to local supply chains and quality markets

Source: Our elaboration.

Figure 3. Cause-effect relationships in irrigation water management 
issues in citrus farming
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These results highlight not only the complexity of 
the water crisis, but also the proactive role of farmers 
in experimenting with feasible solutions. The issues and 
strategies discussed in this section have been translated 
into the visual structure shown in Figure 3, which helps 
to summarise the entire problem-solving framework in a 
single view. This makes the figure particularly useful for 
better understanding where to intervene and how to sup-
port adaptation efforts more effectively.

3.3. Cost-effectiveness assessment of KETs deployment

The calculations clearly show the positive impact 
of KET adoption on farm management, with benefits 
reflected in water efficiency, operating costs, productivity 
and overall profitability.

Table 6 shows that the adoption of enabling technol-
ogies results in a significant improvement in farm man-
agement, with water consumption reduced by 33% and 
a consequent annual saving of 420 €/ha, without penal-
izing productivity. This implies greater sustainability in 
resource use and reduced production costs.

The cost of energy for water withdrawal is reduced 
by 31%, confirming how energy efficiency is an addition-
al economic benefit of technological innovation.

Productivity increases by 6 tons/ha (+16%), trans-
lating into a revenue increase of €2,400/ha. This result 
underscores how technological adoption not only 
improves efficiency, but also directly contributes to 
strengthening the company’s competitiveness.

At the same time, there is a reduction in the use of 
fertilizers (-15%) and a drastic decrease in pesticides 

(-71%), reflecting the improvement in agronomic man-
agement and less dependence on external inputs, with 
clear economic and environmental benefits.

Despite an initial investment of €500/ha, the inno-
vative company achieves a net profit of €14,000/ha, com-
pared to €11,220/ha for the traditional company, with a 
25% increase in profitability (+€2,780/ha) (Table 7). This 
highlights how the economic benefits far outweigh the 
costs of technology adoption.

3.4. Sensitivity analysis

Considering three scenarios based on complete 
enabling technologies to be acquired by annual sub-
scription, a sensitivity analysis can also be developed 
(Table 8):
–	 200 €/ha/year → Basic Package (sensors + basic soft-

ware);
–	 400 €/ha/year → Intermediate (sensors + advanced 

DSS + local weather)

Table 6. Parameters for comparing citrus fruit farms with and without KETs.

Parameter Farm with technology Farm without technology Difference %

Annual water consumption (m³/
ha) 2,800 4,200 -33%

Average cost of water (€/m³) 0.3 0.3 0%
Water saving (€/ha) 420 € 0 € ---
Water saving (%) 33% 0 ---
Production per hectare (t/ha) 44 38 16%
Sale price (€/t) 400 € 400 € 0%
Revenues per hectare (€/ha) 17,600 € 15,200 € 16%
Cost cover crops (€/ha) 250 € 250 € ---
Fertiliser costs (€/ha) 720 € 850 € -15%
Pesticide cost (€/ha) 40 € 140 € -71%
Energy cost for irrigation (€/ha) 520 € 750 € -31%
Technology investment (€/ha) 500 € 0 € ---
Other cost 1,570€ 1,990€ -21%
Total cost (€/ha) 3,600 € 3,980 € -10%

Source: Our elaboration.

Table 7. Comparison of economic benefits and adoption conveni-
ence between citrus farms with and without KETs.

Parameter Farm with 
technology

Farm without 
technology Difference %

Revenues R (€/ha) 17,600 € 15,200 € 16%
Total costs C (€/ha) 3,600 € 3,980 € -10%
Net profit Π (€/ha) 14,000 € 11,220 € 25%
Change in benefits (ΔB) +2,780

Source: Our elaboration.
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–	 600 €/ha/year → Advanced (sensors + advanced DSS 
+ weather integrated with weather databases such as 
SIAS, ISPRA, SwissMetNet, etc.). 
Sensitivity analysis on the different levels of tech-

nology subscription shows that even with a higher fee 
(600 €/ha/year), the positive margin remains substantial 
(+2,180 €/ha compared to the farm without technology). 
The intermediate package (400 €/ha/year) emerges as 
the one most balanced between investment and econom-
ic benefit, suggesting a sustainable option for maximiz-
ing farm profitability.

To assess how net profit (€/ha) responds to key eco-
nomic drivers, a Monte Carlo simulation was conducted. 
The goal was to compare the farm adopting innovative 
technology with the one that does not, highlighting how 
variations in certain parameters can either amplify or 
reduce the benefits derived from technology adoption.

The model assumed that the product’s selling price 
(400 €/t) and non-specific fixed costs (e.g., general 
expenses, logistics) remain constant, while variations 
in production and costs influenced by technology were 
analyzed. Analysis considered water costs, expenses for 
cover crops, fertilizers, pesticides, irrigation energy, 
and, for the technology-adopting farm, the technologi-
cal investment.

The Monte Carlo simulation involves repeated itera-
tions, where in each cycle, random values are drawn for 
each parameter according to predefined distributions. In 
this study, uniform distributions around baseline values 
were assumed. In particular, the unit cost of water was 
varied between 0.3 and 0.5 €/m³, while water consump-
tion for the technological farm ranged between 2,520 
and 3,080 m³/ha, and for the non-technological farm, 
between 3,780 and 4,620 m³/ha. Similarly, production 
per hectare and operating costs were defined within spe-
cific intervals to reflect real-world variability and simu-
late a wide range of scenarios.

Table 9 shows that, on average, the farm adopt-
ing technology achieves a net profit of approximately 
14,000 €/ha, while the non-technological farm reaches 
around 11,220 €/ha, resulting in an average difference 
of +2,780 €/ha. These results indicate a significant aver-

age economic benefit from adopting innovative technol-
ogy. The standard deviations, 1,200 €/ha and 1,400 €/
ha respectively, highlight considerable variability. This 
suggests that while the average benefit is positive, in 
some scenarios, the advantage may be lower or even 
more pronounced.

The economic advantage is primarily driven by 
savings in operational costs. The technology enables 
a substantial reduction in water consumption, leading 
to lower water expenses, and decreases costs associated 
with fertilizers and pesticides, due to more efficient and 
sustainable farming practices. These savings, combined 
with a potential increase in yield per hectare, contribute 
to a higher net profit.

The simulation also highlights the model’s sensitiv-
ity to various parameters. For instance, an increase in 
the unit cost of water shifts total costs to higher values, 
making water savings even more critical. Similarly, vari-
ations in yield per hectare directly affect revenue and, 
consequently, net profit. The ability to adjust multiple 
parameters simultaneously helps identify key drivers of 
economic success and potential sources of risk.

The Monte Carlo simulation comparing farms 
with and without innovative technology demonstrates 
that adopting technology leads to a significant average 
increase in net profit per hectare. These findings provide 
essential support for strategic decision-making in a com-
petitive and dynamic environment, where operational 
efficiency and innovation are crucial for success.

Table 8. Profit sensitivity with technology rent.

Rental scenario Annual cost per hectare 
(€) Net new profit (€/ha) Difference vs. farm 

without technology (€)
Convenience compared to the 

traditional model

Rent 200 €/ha/year 200.00 € 13,800.00 2,580.00 Very affordable
Rent 400 €/ha/year 400.00 € 13,600.00 2,380.00 Still profitable
Rent 600 €/ha/year 600.00 € 13,400.00 2,180.00 Advantageous but low margin

Source: Our elaboration.

Table 9. Monte Carlo simulation results.

Statistics
Farm with 
technology  

(€/ha)

Farm without 
technology  

(€/ha)

Difference 
(Tech - 

NonTech, €/ha)

Average profit 14.000 € 11.220 € 2.780 €
Standard deviation 1.200 € 1.400 € 1.300 €
Minimum Profit 11.000 € 8.500 € 2.500 €
Maximum profit 17.000 € 15.500 € 3.500 €
Median 14.100 € 11.300 € 2.800 €

Source: Our elaboration.
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4. DISCUSSION

The analysis conducted within the Living Lab of the 
Calatino inner area has enabled an exploration of the 
impact of enabling technologies on the agroecological 
transition in inner areas, highlighting economic, envi-
ronmental, and organizational benefits. Starting from 
the research questions, the findings clearly show that the 
integration of enabling technologies enhances the effi-
ciency of resource management, particularly in terms of 
water and nutrient use, helping to improve productivity 
and keep costs down. These findings align with those 
reported by Bellon-Maurel et al. (2022) and Maurel and 
Huyghe (2017), who highlight how digital tools contrib-
ute to resource optimization and improved sustainability 
in agricultural systems. Furthermore, Ajena et al. (2022) 
emphasize that digitalization can break down traditional 
barriers fostering innovation in rural sectors, particular-
ly in inner areas where challenges are more pronounced. 
Therefore, the integration of technology accelerates the 
agroecological transition by providing farmers with real-
time data and decision-making tools that enhance preci-
sion and sustainability in farm management. Regarding 
the second research question, the comparison between 
the two pilot farms revealed a significant gap in farm-
ers’ perceptions. The farm that adopted the innovative 
technology reported tangible benefits, such as reduced 
operational costs and improved productivity. In con-
trast, the farm following a traditional approach relied 
on well-established methods and expressed skepticism 
toward digital tools. This resistance stems from a per-
ception of greater reliability associated with traditional 
methods, combined with limited familiarity with inno-
vative technologies and concerns about high initial costs 
and a steep learning curve. These aspects are consist-
ent with the findings of Anderson and Maughan (2021) 
and Schiller et al. (2020), who describe the existing gap 
between innovation and tradition in agriculture. Litera-
ture suggests that the lack of specific training and insti-
tutional support represents a major barrier to the adop-
tion of digital technologies (Timpanaro et al., 2023).

In this context, Living Labs serve as co-experimen-
tation and training spaces that facilitate knowledge 
transfer and help overcome initial resistance (Scuderi 
et al., 2023). Active participation and dialogue among 
farmers, researchers, and technical experts contrib-
ute to demystifying new technologies and highlight-
ing their potential in sustainable resource management. 
Living labs show that they can function as catalysts for 
change, fostering an agroecological transition that is not 
only technologically advanced, but also socially inclusive 
(Cascone et al., 2024; Beaudoin et al., 2022).

The third research question led to a deeper analy-
sis and reflection on the economic outcomes through 
Monte Carlo simulation. From an economic perspec-
tive, the farm integrating enabling technologies achieves 
higher per-hectare revenues due to increased produc-
tion and more efficient cost management. These findings 
align with the studies of Alston (2010) and Pardey et al. 
(2010), which emphasize how agricultural innovation 
can generate substantial economic benefits.

From an environmental perspective, the adop-
tion of innovative technologies promotes more sustain-
able resource management and a reduction in chemical 
input use. The decrease in water consumption and pes-
ticide application, for example, contributes to minimiz-
ing environmental impact and fostering more regenera-
tive agricultural practices. These results are consistent 
with the evidence provided by Domínguez et al. (2024) 
and D’Annolfo et al. (2017), who highlight the potential 
of combining agroecological practices with technologi-
cal innovation to promote sustainable and resilient agri-
culture. Thus, the integration of technologies not only 
enhances economic efficiency but also represents a suc-
cessful approach to reducing environmental impact by 
encouraging a more responsible use of resources.

Finally regarding Q4, the Living Lab model imple-
mented in the Calatino context has proven to be an effec-
tive environment for the co-creation and experimentation 
of innovative solutions. The two pilot farms, despite shar-
ing the same production identity and organic certifica-
tion, differ in their management approach: one integrates 
enabling technologies, while the other follows a tradi-
tional method. This strategic choice has highlighted how 
the presence of digital technologies is not contradictory 
to agroecological principles but rather enhances their 
effectiveness, improving the sustainable management of 
resources and the resilience of the production system.

Living Labs play a crucial role in bridging the gap 
between technological innovation and traditional agri-
cultural practices. They provide a space where farmers, 
researchers, technologists, and institutional stakeholders 
can experiment, exchange experiences, and validate solu-
tions in real time (Scuderi et al., 2024). In our case, the 
adoption of digital tools has improved irrigation monitor-
ing and management, leading to more efficient water use 
and lower operational costs. These results, combined with 
the integration of regenerative practices such as the use of 
cover crops and targeted nutrient management, contribute 
to creating an integrated system that addresses the envi-
ronmental and economic challenges of inner areas. More-
over, the active participation of farmers in Living Labs 
fosters a bottom-up approach that stimulates responsible 
innovation and the dissemination of best practices. 
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For example, during one of the demonstration ses-
sions, an organic farmer had the opportunity to test a 
low-cost soil moisture monitoring system, immediately 
noting its usefulness in reducing water waste. This kind 
of direct experience helped turn initial prejudice into 
interest and openness. In another case, a young farmer 
who initially showed skepticism toward the use of digi-
tal data for crop management changed his perspective 
after sharing his needs with a group of experts within 
the Living Lab and receiving support in interpreting 
the data collected. The opportunity to learn by doing, 
in a nonjudgmental and co-creation-oriented context, 
proved essential to reduce cognitive barriers and build 
confidence toward innovation. Recent studies (Gascuel-
Odoux et al., 2022; Potters et al., 2022) also highlight 
how collaboration and the engagement of local actors are 
essential for achieving effective and sustainable agroeco-
logical transitions. 

A critical issue that deserves attention concerns the 
economic implications related to the costs of adopting 
enabling technologies, especially in vulnerable rural set-
tings. While these technologies can generate efficiency 
and reduced operating costs, they often entail significant 
upfront investments, the need for technical maintenance, 
and increasing dependence on external suppliers. This 
can lead to an imbalance in bargaining power between 
farms, which are often small or medium-sized, and tech-
nology providers, which operate according to industrial 
and centralized market logics.

In the absence of adequate support and regulatory 
measures, this imbalance can produce regressive effects: 
farms with greater economic capacity will be able to 
access technologies more easily and take competitive 
advantage of them, while the more fragile realities risk 
being excluded from the innovation process (Bissadu et 
al., 2025). 

For this reason, it is crucial to accompany technol-
ogy adoption with targeted policy strategies capable of 
ensuring affordability, technical training, systems inter-
operability and open innovation models. Living Labs, 
represent a possible lever to rebalance power dynamics 
through co-design and direct involvement of farmers 
in technology selection and testing processes. To effec-
tively address these power imbalances and promote a 
more inclusive adoption of enabling technologies, sev-
eral targeted policy actions should be considered. Such 
measures can help rebalance contractual relationships 
between farmers and technology providers, in line with 
the principles of responsible innovation (Bellon-Maurel 
et al., 2022; Beaudoin et al., 2022; Gava et al., 2025).

First, public incentives for technology adoption 
should be conditional on the use of open standards and 

interoperable systems to avoid technological lock-in, as 
discussed by Ditzler and Driessen (2022) and Clapp and 
Ruder (2020). This approach strengthens farmers’ autono-
my and prevents dependence on proprietary technologies 
controlled by a few large suppliers (Bissadu et al., 2025).

Second, it is essential to promote the creation of 
farmer-led cooperatives or technology consortia to 
strengthen collective bargaining power in the purchase 
and negotiation of technology services. This is in line 
with recommendations to strengthen agricultural inno-
vation systems (Potters et al., 2022) and enable bottom-
up governance models (Gava et al., 2025).

Thirdly, the creation of public platforms dedicated 
to the collective procurement of technologies, supported 
by technical advisory services and independent consult-
ants, can further protect farmers from unfavourable con-
tractual conditions. The provision of advisory vouchers 
for access to third-party technical expertise would com-
plement this strategy.

Furthermore, regulatory frameworks should explicit-
ly recognise farmers’ ownership of agricultural data gen-
erated by digital systems, ensuring that technology pro-
viders cannot appropriate or monetise such data without 
informed consent (Clapp and Ruder, 2020; Bellon-Mau-
rel et al., 2022).

Living Labs themselves can be institutionalised as 
territorial “technology brokers”, acting as independent 
intermediaries to ensure equitable access to innovation 
and promote co-created solutions tailored to local needs 
(Beaudoin et al., 2022; Gardezi et al., 2024). This mod-
el of participatory innovation is in line with the agro-
ecological governance structures advocated by Gascuel-
Odoux et al. (2022), which support equitable access to 
technological innovation in rural areas.

By adopting these integrated strategies, policymak-
ers can help reduce asymmetries in bargaining power, 
protect the interests of smallholder farmers, and pro-
mote an inclusive, resilient, and participatory agroeco-
logical transition.

In summary, our research findings indicate that:
–	 The integration of enabling technologies accelerates 

the agroecological transition by improving resource 
management and increasing profitability.

–	 Farmers’ perceptions are influenced by direct expe-
rience and the support provided by Living Labs, 
which help overcome resistance to innovation.

–	 The combination of agroecological practices and 
innovative technologies generates positive eco-
nomic and environmental impacts, as evidenced by 
increased productivity and reduced operational costs.

–	 Living Labs play a key role in facilitating the inte-
gration of technology and agroecology, fostering the 
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creation of integrated and sustainable systems in 
inner areas.
These findings not only confirm the existing litera-

ture but also provide an operational framework to guide 
strategic decisions in complex agricultural contexts, 
where sustainability and innovation need go hand in 
hand. The integrated and participatory approach promot-
ed by Living Labs thus emerges as an effective response 
to current and future challenges, helping to transform 
environmental and economic challenges into opportuni-
ties for innovation and sustainable development.

5. CONCLUSIONS

The study conducted within the Living Lab of the 
Calatino Inner Area highlights how the integration of 
enabling technologies can play a crucial role in acceler-
ating the agroecological transition in rural areas. The 
results, derived from a comparative analysis of two pilot 
citrus farms – one adopting advanced digital tools and 
the other maintaining a traditional approach – demon-
strate economic, environmental, and managerial ben-
efits, confirming the transformative potential of such 
innovations.

The farm that integrated sensors, decision support 
systems (DSS), and other digital technologies achieved 
significant operational efficiency, including a 33% reduc-
tion in water consumption and a 16% increase in yield 
per hectare, leading to a 25% improvement in profitabili-
ty. These findings not only underscore the importance of 
more precise resource management but also confirm that 
the adoption of enabling technologies can enhance envi-
ronmental sustainability by reducing chemical inputs 
and improving irrigation efficiency. The study also high-
lights some critical issues and concrete challenges to be 
addressed. Among these, the affordability of technologies 
is a major obstacle, especially for small companies with 
limited liquidity. Similarly, the technical complexity of 
the systems and the costs associated with maintenance, 
software updates and staff training may limit widespread 
adoption. Furthermore, the scalability of the tested solu-
tions remains to be verified in different contexts due to 
soil and climate conditions, farm size and crop type.

However, this study has some limitations. First, the 
small number of cases analyzed may limit the general-
izability of the results. Given the diversity of agronomic 
and socio-economic contexts, further large-scale studies 
are needed to confirm the replicability of the observed 
benefits. Additionally, while the methodology integrates 
an in-depth economic analysis and a Monte Carlo simu-
lation, it could be enriched by further long-term meas-

urements to assess the economic and environmental sus-
tainability of these technologies over time.

Another limitation concerns the analysis of farmers’ 
perceptions. While the comparison between the innova-
tive and traditional groups highlighted resistance and 
scepticism toward digital tools, a more extensive qualita-
tive investigation – such as in-depth interviews or focus 
groups with a broader sample of producers – could pro-
vide further insights into the dynamics of adoption and 
the training needs required to support the transition.

Based on these considerations, several future 
research directions emerge. Expanding the Living Lab 
model to other rural areas in Sicily and different agri-
cultural sectors could help determine whether enabling 
technologies can generate similar benefits in different 
contexts. Future studies could implement comparative 
pilot projects in different production systems, such as 
viticulture or olive growing, and monitor key indicators 
like water use efficiency, yield performance, and farmer 
adoption rates over at least three growing seasons.

 Further research could also explore the long-term 
impact of adopting digital tools, analyzing, for exam-
ple, how economic and environmental benefits evolve 
over multiple production cycles and under changing 
climatic and market conditions. Longitudinal studies 
should be conducted, integrating detailed farm account-
ing records, soil and water monitoring data, and farmer 
surveys, to track both economic returns and resource 
use efficiency over a 5–10 year horizon. Another key 
area of interest involves the development of training 
programs and institutional support mechanisms to 
facilitate the dissemination of these technologies among 
farmers. Future initiatives should design modular, prac-
tice-oriented training programs focused on digital lit-
eracy, irrigation management, and precision agriculture 
tools, targeting different farmer profiles (smallholders, 
young farmers, cooperatives), possibly through partner-
ships with vocational training institutes and local coop-
eratives. Collaborations with universities and research 
centers to design dedicated training programs could 
help overcome learning curve challenges and promote 
greater adoption of digital systems.

Finally, the study highlights the importance of tar-
geted policy actions to mitigate power asymmetries 
between farmers and technology providers. By introduc-
ing conditional incentives, promoting collective procure-
ment mechanisms, supporting open innovation models, 
and formalising the role of Living Labs as technology 
intermediaries, policymakers can help ensure that the 
digital transformation in agriculture promotes autono-
my, inclusiveness, and long-term sustainability (Clapp 
and Ruder, 2020; Bellon-Maurel et al., 2022; Gava et al., 
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2025). These measures are essential to enable a fair and 
balanced agroecological transition, particularly in vul-
nerable rural contexts.

This study demonstrates that the integration of ena-
bling technologies, supported by a participatory model 
such as the Living Lab, represents a fundamental driver 
in accelerating the agroecological transition in rural 
areas. Despite certain limitations, the findings provide a 
strong scientific and operational contribution, suggesting 
that the combination of digital innovation and agroeco-
logical practices can not only enhance economic efficien-
cy and environmental sustainability but also foster cul-
tural and organizational change toward a more resilient 
and inclusive agricultural system. Future research and 
targeted policy interventions will be essential to facili-
tate the broader adoption of these models and contribute 
decisively to the transformation of the agri-food system.
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