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An Evaluation of the Use of Sensors for the Detection of Emissions in Slurry
Management

Abimbola Y. Ikoyi, Jacqueline Humphries
Technological University of the Shannon (Midwest)
Thurles, Co. Tipperary, Ireland
Email: abimbola.ikoyi@tus.ie; jacqueline.humphries@tus.ie

Abstract— The minimization of ammonia and greenhouse
gas emissions from slurry management is crucial in
meeting emission reduction targets and ensuring the
sustainability of the agricultural sector. Whilst there are
gains to be made across the wide range of manure
management approaches, there is considerable interest in
technological advancements, in particular sensors, to add
further value. In this paper, an evaluation of existing
sensor research in the detection and determination of
ammonia and greenhouse gases is conducted. The
advantages and disadvantages of the use of sensors are
summarized. It is found that while sensors are useful
tools in smart agriculture, their use remains largely
focused on measurement and descriptive analytics, with
limitations still present in their application for predictive
analytics for efficient slurry management. This paper
emphasizes the need for further research into the
application of sensors for minimization of emissions in
slurry management for sustainable agriculture.

Keywords- Sensors; Precision Agriculture; Ammonia;
Greenhouse Gas; Emissions; AgriTech.

I.  INTRODUCTION

Livestock slurry, while a valuable agricultural resource,
poses significant environmental challenges if mismanaged.
Slurry contains valuable nutrients like nitrogen and
phosphorus, but improper management can lead to significant
losses through runoff, leaching, and volatilization. This can
cause water pollution (e.g., eutrophication) and air pollution
(e.g., ammonia emissions).

There is immense pressure on the agricultural sector in
Ireland to minimize Ammonia (NH3) and Greenhouse Gas
(GHG) emissions [1]. This is because the sector accounts for
the majority of Irish national NH; (99%) and GHG (37.8%)
emissions [1]-[3]. Methane (CH4) emissions from slurry
management represent 10.6% of agricultural GHG in Ireland
(EPA, 2024). Therefore, minimization of Irish national NH3
and GHG emissions, especially from agriculture, is crucial in
meeting emission reduction targets and ensuring the
sustainability of the agricultural sector.

Efforts to reduce emissions occur within the many
processes involved in the management of slurry, such as
removal and storage management, treatment adjustments,
slurry application rates, soil uptake, and so on. However, these

are not without challenges. For example, the storage of slurry
is accompanied by the release of pollutant gases, such as NH3
and CH4 emissions [1][4]. Several manure management
approaches have been proposed with the possibility of
reducing these dangerous gases associated with slurry
management. Ambrose et al. (2023) found that the use of
additives, which encourage acidification, reduces CH4 and
NH3 emissions from slurry storages [5]. Guidance from the
United Nations Economic Commission for Europe (UNECE)
Task Force on Reactive Nitrogen: Ammonia Guidance
Document [6] sets out emission abatement measures in the
nitrogen lifecycle from livestock feeding strategies, animal
housing techniques, manure storage techniques, through to
manure application techniques. Also, research conducted by
Buckley et al., (2020) in which the impact, potential, and costs
associated with abating national NH3; emissions up to 2030
also sets out common mitigation strategies [7].

Since the UNECE and Teagasc guidance documents [6][7]
were published, there have been exponential advancements in
technology. Sensor technology enables the Internet of Things
(IoT). Big data is gathered from sensors, hosted on cloud
platforms, and analyzed using statistical methods or artificial
intelligence to enable real-time predictions - driving the
Industrial Revolution known as Industry 4.0 [8]. Agriculture
4.0, using the nomenclature of Industry 4.0, promises the same
revolution in smart farming. Indeed, many industry consortia,
fora and solution providers propose slurry management
solutions which use sensors, and make claims that emissions
are reduced. A rigorous journal review process is necessary to
substantiate claims and conclusions made in these channels
[9]. In this research, the application of advanced sensor
technologies for real-time monitoring and control of slurry
management processes are investigated. The research
questions posed are (1) How can sensors be used in the
reduction or mitigation of ammonia or greenhouse gas
emissions in slurry management? (2) What are the advantages
and disadvantages of the use of advanced sensor technologies
when used for this purpose?

The rest of this paper is organized as follows. Section II
outlines the research method undertaken. In Section III, the
literature is analyzed. In Sections IV and V the findings from
the literature are set out, and summarized. The conclusions
close the article.

II. RESEARCH METHOD

Narrative literature reviews are a critical tool for
theoretical exploration, in that they provide a comprehensive
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overview of the available knowledge on a particular topic [9],
and as such, a narrative literature review is chosen in this
research. Journal papers, conference articles and book
chapters available on Web of Science, and Scopus databases
were chosen as sources for relevant research.

The search query situated the research within the context
of modern agriculture which is identified using the terms
("smart farm*" OR "AgriTech" OR "Agriculture 4*" OR
“precision agriculture”). The papers were constrained to
ammonia and methane emissions using the terms ("ammonia"
OR "NHj3" OR “greenhouse gas” OR “GHG”) AND (“slurry”
OR “manure”)). The term Agriculture 4.0 has been around
for the last ten years, and so for that reason, papers published
in the timeline 2015 to 2025 are considered. The inclusion
criteria also indicated English as the publication language.
1,037,423 papers were returned.

The first round of elimination included reading the title,
abstract, and conclusions leaving 11,584 papers.

The second round of elimination involved reading the full
text of all articles and retaining articles that focus on the
research objective, and classifying the papers. 101 papers
were retained. In addition to the initial database search,
backward citation tracking was employed by screening the
reference lists of the included studies to identify further
potentially relevant publications.

III. LITERATURE REVIEW

As previously mentioned, the emergence of smart farming
and precision agriculture is due to advancements in
technology. There has been an increase in the applications of
such technologies for sustainable agriculture, and an emerging
area is the mitigation of emissions in agriculture. An example
is the use of 10T technology for the improvement of slurry
management on farms. These field-based [oT sensors record
and monitor soil and weather-related conditions targeted at
helping farmers make better decisions on best timing for
slurry application to minimize losses and maximize nutrient
use. However, these sensors were unable to measure key
slurry parameters (such as pH, dry matter, temperature, and
nutrient content), perform in situ and online monitoring, or
provide data for comprehensive slurry management [28].

Several authors [12][14][21][23][26][27] have reported
on the application of sensors for determination of nutrient
components of slurry. However, few reports have been
published on the use of sensors for the quantification of gas
emissions, such as ammonia and greenhouse gases (methane,
nitrous oxide and CO,). This review covers the three major
stages in the traditional management of slurry: slurry
production in animal houses, slurry storage and field
application.

A. Slurry Production

Livestock production results in the generation of animal
waste. Housing of animals comes with the challenge of
handling and management of slurry. Efficient manure
management reduces environmental impact, thus maintaining
animal health. Environmental sensors measuring factors like
air quality and humidity, generate vast amounts of data

providing crucial insights into the well-being of the herd and
the optimization of the farm environment [19].

Air quality in farmhouses is linked with ammonia, CO,,
Particulate Matter (PM) and Hydrogen Sulphide (H»S)
concentrations. These gases have negative effects on animals
and human health in the environment. The quality of air is
affected by some other factors, such as frequency of slurry
removal and floor type [17]. A 21-day study which utilized an
0T gas and environmental sensors for continuous detection of
NHs, CO,, HoS and PM concentrations in two piggeries
revealed that housing structures and slurry management
systems had a huge impact on the gas emissions in the
piggeries. Specifically, slurry management resulted in
increased H,S up to 1.9 ppm and increased NH; concentration
of 63%. In addition, the structure of housings resulted in
accumulation of gases, CO, and NH3 increasing up to 52%
and 34% than daily average value respectively [17]. The use
of sensors at different times of the day, further confirms the
need for advanced technology for the mitigation of
environmental impacts of agriculture.

Optimum  environmental conditions (temperature,
moisture, air quality, etc.) must be maintained in livestock
houses. The maintenance of these conditions results in huge
electrical energy consumption particularly in poultry houses
(broiler house - 75.5%, laying hen house - 58.9%) due to the
use of various equipment [29]. This is predicted to increase in
the future due to technological advancement which indirectly
leads to increased GHG emissions. Consequently, for
improved efficiency and sustainability, the prediction of the
energy consumption of the indoor environmental condition for
intensive poultry farming is expedient [13].

In order to minimize reliance on additional equipment,
[13] developed a customized hourly model for the
interpretation and analysis of electronically collected data. In
this study, gas sensors were utilised for the measurement of
CO; (Model 336, Huakong Xingye Technology, Beijing,
China) and ammonia gas concentration (Model 458, Zhize,
Jinan, China) emitted in a poultry house. The average CO; and
ammonia concentration detected by the sensors were similar
to the average predicted data using the developed model [13].
On the other hand, there is need for improvement in the
sensitivity levels for the gas sensors to enable accurate
detection at extremely low concentrations.

As indicated previously, NH; is typically an odorous
compound produced from the decomposition of organic
nitrogen and is a precursor of secondary inorganic aerosols.
Similarly, H,S, a strong odorous and toxic compound that
affects animal and human health, is mainly produced from
anaerobic digestion of organic sulphur [15]. These gases are
usually at high concentrations in animal houses. A study
evaluated the use of Electrochemical (EC) gas sensors for the
quantification of odours from ammonia (Model #SO1198
Senko LTD. Korea) and hydrogen sulphide (Model #SO1N8
Senko LTD Korea) in a piggeries’ manure treatment facility.
Acceptable values were obtained for linearity, accuracy,
repeatability, lowest detection limit and response time for the
sensors, thus confirming their suitability for on-field testing.
However, a longer sampling time of at least 15 minutes might
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be necessary for ammonia monitoring to reach target
concentration point [15].

B. Slurry Storage

Upon generation of faeces from animals in the animal
houses, the slurry (manure) is usually stored for a specific
amount of time. Sensor networks that monitor real-time
changes in ammonia concentrations assist in minimizing
losses of plant-available nitrogen during manure storage [25].
The duration of storage varies and is affected by several
factors, such as time of the year, regulation governing
spreading as organic fertilizer, farm slurry storage capacity
and so on. Sensors were used in a study for the development
of a prediction model for methane and ammonia gas
emissions in piggeries with two different types of manure
management systems: Long Storage (LS) in deep pits and
Short Storage (SS) by daily flushing of a shallow pit with
sloped walls and partial manure dilution [20]. The study
revealed a positive correlation between calculated and
measured CH4 and NH3 emissions on an annual basis. This
confirms the reduction potential of the studied measures for
CH4 and NH; emissions from pig houses. In addition, the
developed model provides a possibility for the assessment of
mitigation measures on CHs and NH;3; emissions. This
provides a robust basis for assessing the impact of
management and housing strategies on CHs and NH;3;
emissions from pig houses, which in turn, helps support more
sustainable practices in pig farming [20].

In a similar study, manure management and sensor
location played a huge role in the determination of gas
concentration [10]. Higher ammonia concentration was
recorded for open slurry pit compared to the slurry
management system with daily removal of slurry.
Meanwhile, electro-chemical DOL53 ammonia sensors
(DOL Sensors, Aarhus, Denmark) located at 1.0m above
floor level recorded approximated ammonia concentrations
and were more vulnerable to local fluctuations in comparison
to those located at 1.8 m above floor level [10].

In contrast to the previous studies where electro-chemical
sensors were used for gas concentration determination, a
Fourier-Transform Infrared (FTIR) spectroscopy monitor
was used to measure gas transport and concentrations of
greenhouses gases (methane, carbon dioxide, and nitrous
oxide) and ammonia inside manure piles at various depths.
Results showed that carbon dioxide dominated the
greenhouse gas emissions. An interesting observation in this
study was the reduction of gas emissions with increased
moisture content in manure with high water holding capacity
[11]. Results obtained using FTIR Spectroscopy monitor
provided insights into management strategies for emission
reduction from solid dairy manure [11] .

Drones are used as platforms to carry and deploy sensors,
such as RGB cameras, multispectral, hyperspectral, and
thermal sensors for aerial imaging and mapping,
multispectral or LIDAR sensors for soil and field analysis,
and gas sensors (e.g., methane, ammonia), infrared or laser-
based detectors sensors to detect and map emission. Drones
are effective in counting animal populations and detecting
methane leaks in natural gas infrastructure. These techniques

have been applied on a small scale to assess and determine
livestock-related methane emissions on farms [16].

Electrochemical sensors were found to have several
advantages, such as multi-gas non-specific detection, high
sensitivity and precision, making them the preferred
alternative for emission detection, albeit they have a long
response time and short service life. Similarly, FTIR
spectroscopy have the advantage of multi-gas non-specific
detection but have higher operating cost in comparison with
electrochemical sensors [16].

A UAV-based active AirCore system for the estimation
of CH4 emissions from dairy cow farms is outlined in [25].
The inclusion of local wind speed and direction measurement
would result in increased accuracy of methane estimation
[25]. In addition, there is need for further research in the use
of aerial technology for the assessment of emissions from
livestock farming.

C. Field Application of Slurry

The application of fertilizers and manure on fields is the
largest source of NH3 in the atmosphere. Ammonia emission
from agriculture has negative environmental consequences
and is largely controlled by the chemical microenvironment
and the respective biological activity of the soil [18]. While
gas phase and bulk measurements can describe the emission
on a large scale, those measurements fail to unravel the local
processes and spatial heterogeneity at the soil air interface
[18].

For better understanding of some of these processes, a
two-dimensional (2D) imaging approach which visualized
three of the most important chemical parameters associated
with NH3 emission from soil was developed by [8].
Ammonia, O, and pH microenvironments were imaged using
reversible optodes in real-time with a spatial resolution of
<100um. This NHs optode enhanced the understanding of
microscale factors influencing NHs emissions, allowing for
visualization of the soil's chemical microenvironment
following manure application [18].

Though there is a surge in the incorporation of precision
agriculture tools, these systems often operate in isolation,
focusing on specific parameters without providing a holistic
view of the agricultural environment [22]. There is a need to
bridge this gap by integrating multiple sensors and data
sources into a unified monitoring system. In [22] a
comprehensive monitoring system using sensors was
developed for the measurement of gases, such as COa,
methane, and ammonia. This system known as Agri-Guard
consists of two sets of devices: the [oT based Agri-cones and
a centralized camera stand. The Agri-cones consisted of an
array of sensors including temperature, humidity, moisture,
CO; and methane gas sensors. Upon manure application to
the soil, substantial increase in sensor readings were observed
in the CO; and methane gas sensor (MQ?9), due to the organic
matter decomposition in the manure. Similarly, as microbial
decay progressed, the ammonia sensor (MQ135), showed a
slight increase, signifying the breakdown of organic nitrogen
compounds in the manure [22].
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TABLE 1. SUMMARY OF APPLICATION OF SENSORS FOR THE MITIGATION OF EMISSIONS IN SLURRY MANAGEMENT
Summary of application of sensors for the mitigation of emissions from slurry
Monitored
Purpose of Study Sensor animal/slurry source
1 Evaluation of slurry management in two different housing structures ]Sgrxllslg(;nmental Pigs
2 Development of energy consumption model for animal houses Gas Sensors Pigs
3 Emission monitoring and odour intensity estimation Iéiéi%t;?chemlcal Pigs
Development of prediction models for emissions from various slurry .
4 storage systems Gas Sensors Pigs
5 Effect of manure management and sensor location on emission Electrochemical Piggeries
concentration
6 Evaluation of compaction effects on emissions from dairy manure FTIR Cattle
7 Estimation of emissions from dairy cows manure UAV Cattle
8 Visualization of emissions from soil upon manure application Optical sensors Livestock (unspecified)
9 Monitoring of gaseous emissions from manure in farms Gas sensors Livestock(Unspecified)

TABLE 2. ADVANTAGES AND DISAVANTAGES OF SENSORS TECHNOLOGY FOR EMISSION REDUCTION IN SLURRY MANAGEMENT
Advantages and disadvantages associated with use of sensors in slurry management
Advantages Disadvantages
1 Real time monitoring and decision support [17] [22] | Limited capabilities for slurry characterization [28]
2 Enhanced detection capabilities [11] [13] Variation in sensor sensitivity and accuracy [13] [15]
3 Improved emision quantification [20] Operational constraint [10] [16]
4 Spatial temporal precisions [18] [24] High cost and maintenance [11]
5 Support and sustainable practices [19] Fragmented system design [22]
experiments conducted on the use of sensors for the
IV. RESULTS

The applications of sensors in slurry management are
outlined in Table 1, covering housing, storage, and field use.
Their advantages and disadvantages are summarized in Table
2, showing benefits for monitoring and quantification
alongside limitations in sensitivity, cost, and integration.

V. DISCUSSION

In this section, the findings are discussed in relation to the
two central research questions: firstly, how sensors can be
employed to reduce or mitigate ammonia and greenhouse gas
emissions in slurry management, and secondly, to summarize
the advantages and disadvantages associated with the use of
advanced sensor technologies for this purpose.

A. How can sensors be employed to reduce or mitigate
ammonia and greenhouse gas emissions in slurry
management?

The aim of employing sensors is to minimize negative
environmental impacts while optimizing nutrient recovery
and beneficial use. Data-driven management facilitated by
sensors enables more efficient and environmentally friendly
slurry handling. Observations reported in this review present
the various types of sensors utilized for monitoring and
quantification of hazardous gases (H>S and NH3), and GHG,
such as CO; and methane. There seemed to be few

quantification of NO,. This could be due to the presence of
NO; in lower concentrations in the various stages of slurry
management in comparison to all the other gases. This would
require the development of highly sensitive equipment with
increased lower detection limit for measurement. Similarly,
the use of FTIR was reported once in this review for the
monitoring of ammonia, CO,, NO, and CHy. This contrasts
with most of the other experiments where electrochemical
sensors were used for emission detection and quantification.

The majority of studies primarily use descriptive
analytics on the data captured from sensors. In these studies,
focus is on reporting sensor measurements, conditions, or
observed effects [11][15]-[18][22][25]. However, a few
studies incorporate predictive elements, particularly those
that develop or validate models for estimating gas emissions,
use data to build or validate models, or attempt forecasting or
scenario analysis [13][20].

B. Advantages and Disadvantages Associated with the Use
of Sensor Technologies in slurry management

1) Advantages
a) Real-Time Monitoring and Decision Support: IoT-
based sensors allow real-time measurement of environmental
parameters, such as temperature, humidity, and gas
concentrations (e.g., NHs, COz, H2S), which support better
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decision-making regarding optimal slurry application timing
to reduce emissions [17][22].

b) Enhanced Detection Capabilities: EC sensors and
FTIR spectroscopy can detect multiple gases, including
ammonia and greenhouse gases, such as methane and COs,
providing valuable insights across different stages of slurry
management—from housing to field application [11][13].

c¢) Improved Emission Quantification: Sensors
facilitate accurate quantification of gaseous emissions, which
is critical for developing predictive models and validating
mitigation strategies [20].

d) Spatial and Temporal Precision: Technologies, such
as optode-based imaging and UAV-mounted sensors, provide
high-resolution spatial and temporal data, enabling precise
mapping of emission hotspots and variability [18][24].

e) Support for Sustainable Practices: Sensor
integration into farm management systems contributes to
more efficient nutrient use and helps meet regulatory and
sustainability goals through emission reduction [19].

2) Disadvantages

a) Limited Capability for Slurry Characterization:
Despite their usefulness, many current sensors do not
measure key slurry properties, such as pH, dry matter content,
and nutrient composition in-situ, thus limiting their utility for
comprehensive slurry management [28].

b) Sensor Sensitivity and Accuracy: Certain sensors,
especially for gas detection, require improvements in
sensitivity to accurately detect low-concentration gases, such
as nitrous oxide, which was underrepresented in the literature
[13][15].

¢) Operational Constraints: Some sensors, particularly
electrochemical types, have drawbacks including long
response times, vulnerability to environmental fluctuations,
had implementation constraints, such as the specific distances
they had to be placed in relation to the slurry source, and
relatively short operational life [10][16].

d) High Cost and Maintenance: Advanced
technologies, such as FTIR, are costly to operate and
maintain, which may limit their adoption on smaller farms or
in developing regions [11].

e) Fragmented System Design: Many precision
agriculture tools, including gas sensors, are not integrated
into unified platforms, which limits their ability to provide a
holistic understanding of the slurry management system [22].

VI. CONCLUSION

Traditional slurry management practices often lead to
pollution and greenhouse gas emissions. There is potential
within slurry management to reduce these emissions and have
a positive impact on national emissions targets. Significant
efforts to reduce emissions occur within the lifecycle of
slurry, from livestock feed selection through manure
spreading or the alternative pathway of biomethane
production. In the past ten years there have been exponential
developments in technology that have fuelled Smart
Agriculture.

At the core of these developments are the use of sensors
which capture and, in some instances, analyze data at source.
In this narrative review an overview of the various
applications of sensors for the monitoring of emissions in
slurry management is provided, and as such provides an
insight to the reduction of emissions in the slurry life cycle in
livestock farming.

This review found that sensors add value in smart
agriculture. Currently they are used largely for the purpose of
measurement and descriptive analysis which provide benefits
in slurry management around real-time monitoring and
decision support, enhanced detection capabilities, improved
emission quantification, spatial and temporal precision, and
support for sustainable practices. There are currently
limitations in their application, such as limited capability for
slurry characterization, sensor sensitivity and accuracy,
operational constraints, high cost and maintenance, and
fragmented system design.

A. Further Research

This review has shown that there is limited research
conducted on the use of sensors for the quantification of
greenhouse gases emissions from slurry particularly at the
field application stage. Therefore, there is a need for further
research to develop, calibrate, and validate robust and reliable
sensor systems for measurement of greenhouse gases during
all stages of the slurry life cycle. This includes addressing
challenges related to sensor fouling, durability, and data
accuracy in harsh, slurry environments.

Furthermore, the majority of studies use descriptive
analytics on sensor data, which although they provide
valuable insights into current and past conditions, help
identify emission patterns, hotspots, and the effectiveness of
management practices in real time, they are not useful for
proactive decision-making. Future studies should incorporate
predictive and prescriptive analytics, which allow forecasting
future emissions or simulated scenarios, such as extreme
weather events. Predictive and prescriptive analytics are
more useful for proactive decision-making and long-term
mitigation planning, helping to avoid emissions before they
happen.

B. Limitations

This narrative review is conducted on a search of two
databases, in English, and on the last ten years. This will have
limited the results. It is therefore probable that some relevant
research has not been included. The results could be repeated
on other databases, other languages, different timeframes, and
through the use of alternative synonyms.

There is the saying that ‘research follows industry’, and
that the period for rigorous research to be conducted, and
published, is slower than that which may be occurring in the
field and industry. Thus, there may be many advances in
technology that haven’t yet been reported in research
databases.
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Abstract—The TraCEREAL project explores the integration of
Blockchain and Internet of Things (IoT) technologies to
enhance traceability, transparency, and efficiency in Cyprus’
cereal supply chain. By identifying the farm-to-fork key actors,
their needs and priorities, the project develops a prototype
system across the critical points of production and distribution
by combining intelligent algorithms and real-time data for
improved decision-making.

Keywords - blockchain; cereal; Internet of Things; traceability.

L INTRODUCTION

The world faces a multitude of challenges related to food
security, health, nutrition, and sustainability [1]. These issues
stem from a combination of factors, such as the growing
global population, the escalating impacts of the climatic
crisis, water scarcity, and limited local food production
(often caused by ongoing conflicts around the globe), which
result in a fragile cereal supply chain that is highly reliant on
imports [2]. The cereal supply chain is vital for food security,
but also for ensuring food quality, as pests and toxins can
contaminate cereals.

Blockchain technology is emerging as a promising
solution to the many challenges facing food supply chains, as
it promotes transparency and efficiency by creating secure,
immutable records of transactions, thereby enhancing
traceability [3]. In addition to traceability, there is also the
need for accurate and real-time information on the factors
that affect both qualitative and quantitative yield traits. When
applied in agriculture, the [oT, a network of interconnected
devices that collect, analyze, and enhance data in real-time,
enables precision agriculture, automation, and data-driven
decision making [4] [5].

The TraCEREAL project [6], is dedicated to
investigating how blockchain technology, in conjunction
with advanced IoT capabilities, can contribute to the
establishment of resilient supply-chain operations within
Cyprus. The project's objective is to develop and
demonstrate a functional prototype system consisting of an
intelligent algorithmic framework, seamlessly integrated
with IoT technology. To this end, cultivation practices for
recording sensory data were implemented as part of the

George Adamides

Agricultural Research Institute
Rural Development department
Nicosia, Cyprus
email: gadamides@ari.moa.gov.cy

Nikos Nikoloudakis

Cyprus University of Technology
Department of Agricultural Sciences, Biotechnology and
Food Science,

Limassol, Cyprus
email: n.nikoloudakis@cut.ac.cy

demonstration activities, including a set of pilot experimental
fields established across Cyprus. Telemetric stations
equipped with IoT sensors were installed in mid-January at
each plot to comprehensively track and report crucial
environmental and soil conditions. The sensors can collect
real-time data on various critical soil parameters, such as
moisture  levels, temperature, salinity, PH, and
nitrogen/phosphorus/potassium content.

For the development of the TraCEREAL system, the first
step was to map the key actors across the cereal supply
chain: (a) breeders, can document and track the genetic
characteristics of new crop varieties, ensuring their
adaptation to environmental conditions and market needs, (b)
seed producers, receive insights on seed quality, germination
rates, and resistance to environmental factors, facilitating
better production planning, (c) farmers, can utilize IoT
sensor data and platform recommendations to optimize
agricultural inputs, irrigation, fertilization and yield, ensuring
sustainable and high-quality production, (d) flour mills, gain
access to detailed grain quality analyses, enabling them to
maintain consistency and improve processing efficiency, and
(e) end consumers, i.e., bakeries and consumers benefit from
full traceability, with access to information on the origin,
nutritional properties, and processing history of food
products (e.g., flour, pasta). The main objective of this paper
was to identify and document the priorities and needs of the
key actors across the cereal supply chain.

The structure of this paper is organized as follows:
Section 1 introduces the background and objective of the
study. Section 2 describes the materials and methods used in
the study. In Section 3, we present the results of our
empirical investigation. Finally, Section 4 concludes the
paper with a summary and main findings.

II.  METHODOLOGY

Three different structured questionnaires (grouped as
either producer, milling industry, and end-users) were co-
created to determine which traits should be included in the
blockchain, recognizing that each stakeholder has unique
priorities and needs. The first questionnaire was addressed to
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seed producers and cereal farmers, the second questionnaire
was directed towards flour mills, and the third questionnaire
was interested in the views of end consumers (e.g., local
bakeries and consumers).

Personal interviews were conducted, between November
2024 and January 2025, with seed producers, cereal farmers,
mills” executives, and bakers. Consumers answered an
online-version of the questionnaire. Representatives of two
mills provided input to the relevant questionnaire. Two out
of the four of the seed producers and thirty-three cereal
farmers answered the second questionnaire. Eleven bakery
owners and 101 consumers answered the third questionnaire.

III. RESULTS

A. Seed producers and cereal farmers

Among the most desirable wheat traits that seed
producers and cereal farmers wish to be informed about
through the blockchain system are drought resistance,
discase resistance, as well as the adaptation to diverse
edaphoclimatic conditions. Surprisingly, the breeding
method, i.e., conventional breeding or the use of New
Genomic Techniques, is not a primary concern (Figure 1). In
addition, seed producers (cereal farmers) are particularly
interested in accessing data on yield, soil temperature, soil
moisture, and fertilization needs. Conversely, important
traits, such as starch composition and dough traits are of
limited interest to seed producers and cereal farmers.

Advantages - special
chara of the variety in
terms of foliage, ear, hay and
seed yleld

Genetic Improvement Method

s Adaptation to soil and climatic

conditions

Behavior in adversity (diseases,
Y \ cold, lodging)

Plant development (height. L

) Drought resistance
earliness, tillering)

Morphological traits of the

Recommended seeding density
variety

Figure 1. Seed producers (cereal farmers) data traceability requirements.

B.  Milling industry

The milling industry has a distinct set of priorities
regarding the data of interest within the blockchain system.
The most important traits that emerged are the type of
cultivation (conventional or organic), protein and starch
content, as well as dough elasticity, since these features
affect both the price and quality of the produced flour.

C. Bakeries and consumers

For the end-consumers, the most important aspects of
traceability information are the country of origin for the raw
material, the origin of the final product (e.g., flour, pasta),
and the type of the cultivation (Figure 2).

Type of cultivation (Conventional,

Variety name
" Organic)

Country/Region of origin of raw
material (seed)

If the business implements X R
HACCP and ISO. \

| Country/Region of origin of final
product

Traceability information at the
level of proce:

X / Protein content {%) of final

& J product
ther B >~/

Traceability information at the raw

material produc

(producer name, farm location, product
etc)

production of the
(mill name, mixiny

Starch content (%) of final

Starch composition of the final

Dough elasticity s

Figure 2. End consumers traceability data requirements.

Interestingly, consumers do not prioritize the
implementation of Hazard Analysis and Critical Control
Points (HACCP) and International Organization for
Standardization (ISO) certificates, nor the specific crop
varieties used.

IV. CONCLUSION

TraCEREAL is an ongoing project focused on leveraging
blockchain and IoT to ensure secure, immutable data storage,
fostering trust among all stakeholders across the cereal value
chain. The initial phase involved mapping and documenting
the priorities and requirements of the main stakeholders
throughout the cereal supply chain. Survey results revealed
that each key actor has distinct priorities and needs. The
feedback from these stakeholders will contribute to building
the TraCEREAL blockchain framework and database. This
system aims to assist policymakers and industry players in
creating more resilient cereal supply chains, specifically
adapted to the unique needs of Cyprus.
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Abstract—Groundwater depletion, primarily driven by un-
sustainable irrigation practices in agriculture, has become a
pressing global issue. Accurate soil moisture monitoring and
prediction are essential for supporting sustainable water resource
management. This review contributes to an ongoing research
effort aimed at developing a predictive soil moisture modeling
framework by integrating signals from sparsely distributed
ground-based sensors with satellite-derived datasets, including
NASA’s Soil Moisture Active Passive (SMAP) products. As a
part of this study, a case analysis involving several International
Soil Moisture Network (ISMN) stations in the United States is
conducted to evaluate the agreement between in-situ and satellite-
derived measurements. While both data sources reveal consistent
seasonal trends, significant discrepancies in magnitude highlight
concerns regarding the reliability of these data as a universal
benchmark. The paper provides a comprehensive review of recent
advances and persistent challenges in soil moisture prediction,
emphasizing the role of ISMN data. The overarching goal is
to guide the development of robust, high-resolution tools for
precision agriculture and sustainable groundwater management.

Keywords-soil moisture prediction; remote sensing; international
soil moisture network; data fusion; machine learning.

I. INTRODUCTION

Groundwater levels are declining at an alarming rate across
the globe due to various factors, with excessive irrigation
practices being one of the primary ones [1][2]. According to
the 2018 U.S. Census of Agriculture, approximately 50% of
the irrigated land in the United States depends exclusively on
groundwater, while an additional 16% relies on a combination
of groundwater and surface water. Alarmingly, nearly half of the
monitoring sites across 28 U.S. states have reported significant
groundwater depletion since 1980, indicating unsustainable
usage patterns [3].

To address this growing crisis, it is imperative to optimize
agricultural water consumption. An ongoing research project at
Grand Valley State University (GVSU), Michigan, conducted
under the Precision Agriculture Research Lab, aims to address
this challenge. The focus of the project is on predicting soil
moisture by integrating data from sparsely distributed in-situ
moisture sensors with satellite-based observations, such as
NASA’s Soil Moisture Active Passive (SMAP) mission [4] and
the European Space Agency’s Climate Change Initiative (ESA
CCI) [5].

Soil moisture monitoring and predictions can play a pivotal
role not only in minimizing water waste but also in enabling
informed decision-making for farmers and policy makers.
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Figure 1. Average daily soil moisture by SMAP (surface-level and rootzone)
vs ISMN at Gaylord-9-SSW (Michigan, U.S.). Null values were imputed
through forward-fill (rolling average with window-size=3).
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Figure 2. Average daily soil moisture by SMAP (surface-level and rootzone) vs
ISMN at Bedford-5-WNW (Indiana, U.S.). Null values were imputed through
forward-fill (rolling average with window-size=3).

Effective soil moisture management supports long-term soil
health, prevents erosion, and ensures sustained agricultural pro-
ductivity. In addition to precision agriculture, it enables better
drought monitoring, flood forecasting, and land-atmosphere
interaction modeling [6][7]. Although soil moisture prediction
has been widely investigated, the development of consistent
and reliable benchmark datasets remains an ongoing challenge.
Figure 1 presents the aggregated daily average soil moisture
measurements from January 2023 to January 2025 at the
Gaylord-9-SSW station in Michigan, USA, an example site
within the ISMN, a publicly accessible global database that
consolidates in-situ soil moisture observations from numerous
monitoring networks. By offering standardized data formats
and automated quality control protocols, the ISMN serves a
vital role in validating satellite-derived soil moisture products
and land surface models, and has become a widely adopted
reference in hydrological and climate research due to its
comprehensiveness and accessibility [8].

To assess the consistency between ground-based and satellite-
derived soil moisture measurements, we compare average daily
values from NASA’s SMAP products with corresponding data
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from the ISMN. As illustrated in Figure 1, both datasets
exhibit similar seasonal trends, with the primary differences
occurring in the magnitude rather than the overall pattern.
A comparable analysis at a second ISMN site, Bedford-5-
WNW in Indiana, is shown in Figure 2. In this case, the
discrepancy between SMAP and ISMN measurements is more
pronounced than at the Gaylord-9-SSW station. These findings
raise important questions regarding the reliability of these data
as a benchmark for soil moisture modeling: To what extent can
ISMN be trusted for model evaluation? What are its inherent
strengths and limitations? And are there viable alternatives that
offer improved consistency or coverage? This review primarily
focuses on the following key aspects related to soil moisture
prediction:

« Identifying the challenges involved in building accurate soil
moisture prediction models.

« Examining the difficulties associated with collecting reliable
data.

o Evaluating existing benchmarks for soil moisture prediction,
with particular emphasis on their strengths and limitations
in supporting robust model development.

The paper is organized as follows. Section II outlines
advances and challenges in soil moisture prediction. Section III
reviews ISMN data, emphasizing its strengths, limitations, and
applications. Finally, Section IV summarizes the review with
key observations and recommendations.

II. ADVANCES AND CHALLENGES IN SOIL MOISTURE
PREDICTION

Soil moisture prediction has evolved significantly over the
past two decades, driven by advances in remote sensing, data
assimilation, and machine learning. Traditional approaches
primarily relied on physics-based land surface models (LSMs),
such as the Noah LSM and the Community Land Model (CLM),
to simulate water and energy fluxes at the land-atmosphere
interface [9][10]. These models use meteorological inputs
and land surface parameters, but their performance is often
constrained by uncertainties in input data, parameterization, and
the scale mismatches between model outputs and observational
datasets [11].

Machine Learning (ML) and Deep Learning (DL) methods
have recently emerged as powerful alternatives or complements
to traditional models. Data-driven algorithms, including random
forests, support vector machines, and artificial neural networks,
have been employed to estimate soil moisture from remote
sensing and meteorological data [12][13]. Deep learning archi-
tectures, particularly Convolutional Neural Networks (CNNs)
and Recurrent Neural Networks (RNNs), have demonstrated
strong capabilities in modeling complex spatiotemporal patterns
in soil moisture dynamics [14]. Additionally, hybrid approaches
that integrate physical modeling with ML have gained attention
for improving generalizability and interpretability [15][16].

Satellite missions such as NASA’s SMAP, ESA’s Soil
Moisture and Ocean Salinity (SMOS), and the AMSR series
have facilitated the development of predictive models at
multiple spatial scales, contributing to applications from global

hydrological assessment to localized precision farming [17][18].
However, most satellite-derived products are available at coarse
spatial resolutions (e.g., 1 km or greater), limiting their
usefulness in field-level agricultural decision-making [19].

Despite these technological advancements, several key chal-
lenges hinder the development of accurate and reliable soil
moisture prediction models. A major issue is the scarcity and
spatial sparsity of high-quality ground truth data, which is
critical for both model training and validation [20]. The het-
erogeneity of environmental variables, such as soil properties,
vegetation cover, land use patterns, and topography, further
complicates model generalization across different regions
[21]. Equally critical are the challenges associated with data
collection. In-situ soil moisture measurements, such as those
provided by ISMN, offer valuable ground truth but are often
spatially sparse and unevenly distributed, particularly in under-
monitored regions [22]. Variations in sensor type, calibration,
and installation practices introduce inconsistencies, while sensor
failure or communication issues can lead to temporal gaps.
Satellite-based data, while offering broader coverage, are
impacted by cloud cover, vegetation, and surface roughness,
reducing measurement reliability in many settings [23][24].
Arid and semi-arid regions, where accurate soil moisture
monitoring is most crucial, are particularly affected due to
low signal-to-noise ratios [25].

Addressing these multifaceted challenges calls for multi-
disciplinary strategies involving improved sensor networks,
data harmonization, uncertainty quantification, and interpretable
modeling frameworks. The integration of adaptive machine
learning algorithms with heterogeneous data sources is critical
to developing high-resolution, accurate soil moisture predictions
that can transform sustainable water resource management and
data-driven agriculture.

III. ISMN DATA: STRENGTHS, CHALLENGES, AND
APPLICATIONS

The ISMN has emerged as a critical resource for collecting
and harmonizing in-situ soil moisture data across global
observation networks. It serves as a foundational resource
for validating, calibrating, and benchmarking satellite- and
model-derived soil moisture datasets. Its importance lies in
the harmonized collection and open dissemination of in-situ
soil moisture data from a wide array of monitoring networks
across different climate zones, land cover types, and soil
structures [8][22]. The ISMN enables intercomparison of
remote sensing products (e.g., SMAP, SMOS, AMSR?2) by
providing a global standard against which these data sources
can be evaluated [20]. It also supports the assessment and
development of downscaling algorithms and machine learning
models by offering high-quality ground truth measurements
[26]. Moreover, the temporal consistency and metadata richness
of ISMN facilitate long-term hydrological studies and trend
detection, which are crucial for climate resilience planning and
agricultural decision-making. By improving the accuracy and
robustness of predictive models, ISMN plays a critical role
in the advancement of soil moisture science and its practical
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applications in water resource management, agriculture, and
disaster mitigation.
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Figure 3. ISMN Stations Wold wide — an exact extract from [27].

ISMN aggregates soil moisture measurements from a va-
riety of sources, standardizing and applying quality control
procedures to improve accessibility and usability [8]. However,
the ISMN data can still exhibit inconsistencies due to differ-
ences in sensor types, installation depths, and environmental
heterogeneity [20]. Draper et al. emphasized the importance
of preprocessing ISMN data before using it for validation or
modeling tasks [28].

Despite its value, ISMN presents several challenges when
used in predictive soil moisture modeling. The spatial dis-
tribution of ISMN stations, as shown in Figure 3, is highly
uneven, with denser coverage in North America and Europe
and sparse representation in Africa, Asia, and South America.
This limits global-scale modeling and regional calibration,
especially in underrepresented ecosystems. Station metadata,
including soil depth, vegetation, and land use, is sometimes
incomplete or inconsistent, complicating efforts to standardize
data inputs for machine learning and physical models [20].
Discrepancies also arise from heterogeneity in sensor types,
calibration protocols, and measurement depths across networks,
introducing uncertainty into inter-station comparisons and
satellite validation studies [22]. Moreover, data gaps due to
sensor maintenance or environmental interference pose prob-
lems for time series continuity. These limitations necessitate
pre-processing steps such as harmonization, gap-filling, and
filtering, which introduce additional complexity into model
development pipelines. Despite these challenges, ISMN remains
a critical benchmark for validating satellite retrievals and
downscaling methods, though its shortcomings highlight the
importance of complementing it with other data sources and
standardization frameworks.

The increasing availability of ISMN data has enabled its
integration into machine learning and deep learning models
for high-resolution soil moisture estimation. Xu et al. [29]
used ISMN data to validate a wide and deep neural network
that improved the spatial resolution of SMAP satellite data
across the U.S. Similarly, Celik et al. [30] and Lee et al. [31]
developed deep learning models incorporating ISMN observa-

tions to improve performance in heterogeneous landscapes by
reducing dependency on physical modeling assumptions. In the
agricultural domain, Custédio and Prati [32] applied ensemble
machine learning models to IoT-supported irrigation systems,
using soil moisture as a key variable. Their results, validated
with real-time field data, support the use of Al for operational
water resource management.

While the ISMN is the most prominent repository for in-
situ soil moisture measurements, several alternative datasets
and platforms also play crucial roles in soil moisture research
and modeling. One key alternative is the USDA Soil Climate
Analysis Network (SCAN), which provides high-resolution,
near-real-time soil moisture data across agricultural zones in
the United States [33]. Similarly, the FLUXNET network offers
point-based data through eddy covariance towers, which include
soil moisture as part of broader ecosystem flux measurements
[34]. In terms of satellite-derived products, SMAP and ESA’s
SMOS missions provide global, gridded soil moisture datasets
at regular intervals [35]. The Advanced Scatterometer (ASCAT)
onboard EUMETSAT MetOp satellites also offers a long-term
record of soil moisture estimations with relatively high temporal
resolution [36]. Additionally, regional in-situ networks such
as the OzNet (Australia), REMEDHUS (Spain), and ARM
Southern Great Plains (USA) serve as valuable sources for
local model calibration and validation. These alternatives, while
often complementary to ISMN, highlight the diversity of data
sources available for soil moisture modeling and reinforce the
importance of integrated approaches that combine satellite,
in-situ, and model-based observations.

IV. CONCLUSION

Accurate soil moisture prediction is vital for mitigating
groundwater depletion in irrigation-dependent regions. This
review highlights the potential of integrating satellite data with
sparse in-situ measurements, though concerns remain regarding
the consistency of benchmark datasets like ISMN. Case studies
reveal seasonal alignment with SMAP, yet discrepancies in
magnitude question ISMN’s reliability as a ground truth. Key
challenges include sparse station coverage, sensor inconsisten-
cies, and the coarse resolution of satellite products. Moving
forward, improving data quality, harmonization, and leveraging
explainable AI and high-resolution models will be essential
for developing robust, interpretable soil moisture prediction
systems to support sustainable agricultural water management.

Future work must prioritize the refinement of benchmark
datasets through enhanced quality control, data harmonization,
and sensor calibration strategies. Simultaneously, advances in
data fusion, explainable Al, and high-resolution modeling hold
the potential to significantly improve prediction accuracy and
practical utility.
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Abstract — This study evaluates the agronomic and
physiological response of coriander (Coriandrum sativum L.) to
periodic shading induced by a Mobile Agrivoltaic Installation
(MIA) under field conditions in north-central Poland. The
experiment was conducted in Minikowo during the 2024-2025
growing seasons using a bifacial photovoltaic system mounted
on a mobile 4x4 platform. In 2025, the MIA functionality was
extended with the integration of an automated drip irrigation
system. The effects of transient shading on plant density, canopy
height, seed yield, Thousand Seed Weight (TSW),
photosynthetic performance (Leaf Area Index (LAI),
Chlorophyll Content Index (CCI), and PSII), and chlorophyll
fluorescence were assessed. Results showed that MIA shading
reduced plant height and seed yield slightly (-4.7%), but
significantly increased seed size (TSW +28%) and number of
lateral branches (+40%) compared to the control. Despite lower
plant density and number of seeds per plant, the shaded
coriander showed signs of morphological adaptation and
photosynthetic resilience, including high PSII efficiency (0.826)
and increased CCI index values. The mobile shading system also
contributed to more stable soil moisture and light diffusion
without negatively affecting post-harvest regrowth. These
findings suggest that coriander tolerates intermittent shading
well and can be cultivated under mobile agrivoltaic systems
without major productivity losses. This study supports the
feasibility of integrating MIA in medicinal plant cultivation as a
dual land-use strategy for energy and crop production in
temperate zones.

Keywords — coriander; mobile agrivoltaics; dual-use farming;
photosynthesis; field crops.

I.  INTRODUCTION

In the context of global climate change and increasing
demand for renewable energy, agro-photovoltaic (AgroPV)
systems represent a dual-use solution combining food and
energy production [1], [2]. These systems mitigate land-use
conflicts and can modulate microclimatic conditions—such as
temperature, light, and humidity—benefiting crop
performance, particularly under abiotic stress [3], [4]. Recent
studies also highlight the potential of AgroPV to influence
secondary metabolism in aromatic and medicinal plants [5],
[6].

Coriandrum sativum L. (coriander) is a widely cultivated
aromatic herb valued for its essential oils, flavonoids, and
phenolic acids [7], [8]. The phytochemical content of
coriander varies significantly with environmental conditions,

phenological stage, and light exposure [9], [10]. Light-
modulated biosynthesis of compounds such as linalool,
apigenin, and quercetin has been observed in coriander and
related species [11], [12].

Despite growing interest in the environmental benefits of
AgroPV, little is known about its biochemical impacts on
coriander cultivated in temperate climates. This study
investigates whether temporary shading under a mobile
AgroPV installation enhances the biosynthesis of
phytochemicals and antioxidant capacity in coriander
biomass. Understanding these effects may promote functional
crop production strategies tailored for sustainable and dual-
use agriculture systems [13], [14].

The rest of the paper is structured as follows. Section II
describes the materials and methods used in the experiment.
Section III presents the obtained results, while Section IV
discusses their implications. Finally, Section V concludes the
paper and outlines directions for future work.

II.  MATERIALS AND METHODS

2.1 Experimental Site and Conditions

The field experiment was conducted in 2024 at the
Minikowo Experimental Station (53°06'N, 17°53'E) in north-
central Poland, on soil classified as Haplic Luvisol with
moderate fertility. The region experiences a temperate
climate with mean annual precipitation of approximately 525
mm and average annual temperature of 8.2°C. Weather data
during the growing seasons were recorded using an on-site
agro-meteorological station.

2.2 Experimental Design and Treatments
The study utilized a Randomized Complete Block Design
(RCBD) with two treatments:

» Mobile Agrivoltaic Installation (MIA)
shading created by bifacial photovoltaic panels
mounted on a mobile 4 x 4 m platform.

» Control — full-sun, open-field reference plot
without shading.

Each treatment consisted of four replications, with each plot
measuring 16 m? (4 x 4 m).

2.3 Mobile Agrivoltaic System Description

The MIA system was custom-built and equipped with
bifacial solar panels mounted on a steel structure elevated 2.5
m above the ground. The system moved along a predefined
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track at scheduled intervals (twice daily) to simulate dynamic
and periodic shading. Panel tilt and movement were
programmable to match plant development stages and solar
radiation patterns. The platform cast variable shade (25—
40%) during daylight hours, affecting light intensity, spectral
quality, and leaf temperature beneath the canopy.

2.4 Plant Material and Cultivation

Coriandrum sativum L. (cv. ‘Ursynowska’) was selected
for its uniform growth and established cultivation history in
Poland. Seeds were sown manually at a rate of 14 kg-ha™ at
15 cm row spacing in early April each year. No pre-sowing
fertilization was applied. Weed control was performed
mechanically, and no pesticides or growth regulators were
used. The crop was harvested in early July, at physiological
maturity (brown seed stage), to assess seed yield and plant
biomass.

2.5 Growth and Yield Measurements

Ten representative plants per replicate (n =
treatment) were selected at harvest to evaluate:

»  Plant height (cm) — from soil surface to the tip of

the main stem,
Number of lateral branches — counted manually,
Number of seeds per plant — hand-threshed,
Thousand seed weight (TSW, g) — using a
precision seed counter and electronic scale,
Seed yield (g-m ™) — estimated from total harvested
seed mass and converted to yield per hectare.
All yield parameters were corrected to 13% seed moisture.

40 per
>
>
>
>

2.6 Leaf Physiology and Photosynthesis Indicators
To assess physiological responses to shading, the
following parameters were measured:

» Chlorophyll Content Index (CCI) — non-
destructive readings using a CCM-300 device (Opti-
Sciences Inc.) on five upper canopy leaves per plant.

»  Chlorophyll fluorescence (PSII efficiency, Fv/Fm)
— measured on dark-adapted leaves using a
FluorPen FP 110-D (Photon Systems Instruments).

» Leaf Area Index (LAI) — estimated with LAI-
2200C (LI-COR Inc.), averaged over 3 locations per
plot.

»  Soil moisture — measured bi-weekly using a TDR
probe at 0—20 cm depth.

» Light intensity and spectral quality — PAR
measured under and outside the panels using
Apogee MQ-500 sensors.

2.7 Statistical Analysis

Data were analyzed using one-way ANOVA, with
significance tested at p < 0.05. Means were separated using
Tukey’s HSD post-hoc test. Principal Component Analysis
(PCA) was used to identify clustering patterns among traits.
All analyses were performed using Statistica 13.3 and R
software (v4.2).

III. RESULTS
3.1 Plant Growth and Architecture

Coriander plants grown under the Mobile Agrivoltaics
Installation (MIA) exhibited visible morphological
adjustments in response to periodic shading. Mean plant
height was significantly lower (37.2 cm) in the MIA
treatment compared to the full-sun control (39.1 cm), with a
reduction of 4.7% (p < 0.05). Despite the lower vertical
growth, plants under MIA developed significantly more
lateral branches—an average of 6.9 branches per plant versus
4.9 in the control (p < 0.01), indicating a compensatory
branching response. Plant density was slightly lower under
MIA (120 plants'm™) than in the control plots (125
plants-m2), due to minor germination delays likely caused by
cooler microclimate conditions during early emergence.

3.2 Yield Parameters

Although total seed yield per square meter was modestly
reduced under MIA by approximately 4.7% (322 g-m™ vs.
338 g'm™), this difference was not statistically significant.
However, Thousand Seed Weight (TSW) increased
substantially under MIA: 9.82 g compared to 7.65 g in the
control, a 28.4% gain (p < 0.001). The number of seeds per
plant was slightly lower under MIA (256 vs. 271), consistent
with fewer umbels per plant. Nevertheless, heavier seeds and
more branching likely compensated for yield stability.
Harvest index remained similar (~0.38) between treatments,
indicating stable allocation of biomass to reproductive
structures under shading.

TABLE 1. GROWTH AND YIELD TRAITS OF CORIANDER UNDER CONTROL
AND MOBILE AGRIVOLTAIC (MIA) CONDITIONS.
Treatment
Trait
Control MIA
Plant height (cm) 39.1+05a 37.2+04b
Lateral branches 49+03b 69+04a
(no.)
Plant density 125+2.1a 120£2.0a
(plants/m?)
Seeds per plant (no.) 271+5.7a 256 +6.0a
Seed yield (g/m?) 338+84a 322+92a
Thousand seed 7.65+022b 9.82+025a
weight (g)
Harvest index 0.38+0.01a 0.38+0.01a
3.3 Leaf Physiology and Photosynthesis
Plants grown wunder MIA exhibited superior

photosynthetic efficiency. The mean PSII quantum yield
(Fv/Fm) was significantly higher in the shaded treatment
(0.826 £ 0.011) than in the full-sun control (0.801 £ 0.013; p
< 0.01), suggesting reduced photoinhibition under
intermittent shading.

Chlorophyll Content Index (CCI) was also enhanced
under MIA, averaging 34.6 compared to 29.1 in the control
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(p < 0.001), which reflects increased chlorophyll
concentration and improved light harvesting capacity. This
may be attributed to adaptation of leaf anatomy and pigment
biosynthesis under lower light intensity.

Leaf Area Index (LAI) was slightly lower under MIA
(2.78) than in the control (3.12), although not significantly.
Lower LAI was likely offset by broader leaf lamina and
delayed senescence.

TABLE 2. PHYSIOLOGICAL AND BIOCHEMICAL INDICATORS OF CORIANDER
UNDER CONTROL AND MIA CONDITIONS.

Treatment
Trait
Control MIA
PSII efficiency 0.801£0.013 b 0.826£0.011a
(Fv/Fm)

CCI (index units) 29.1+1.1b 346+13a
Leaf Area Index 3.12+0.15a 2.78+0.14 a

(LAD
Soil moisture (%) 179+12b 212+10a

3.4 Soil Moisture and Light Conditions

Measurements taken throughout the growing season
revealed that soil volumetric moisture was consistently
higher under MIA, especially after irrigation system
activation in 2025. The average soil moisture at 020 cm
depth was 21.2% in MIA plots versus 17.9% in the control.
Light intensity measurements revealed that MIA shading
reduced photosynthetically active radiation (PAR) by 25—
40%, depending on panel angle and time of day. The light
spectrum under MIA showed enhanced light diffusion and
lower red-to-far-red ratio, potentially contributing to shade-
adaptive responses.

IV. DISCUSSION

The results of this study demonstrate that coriander
(Coriandrum sativum L.) responds to mobile agrivoltaic
shading with a combination of morphological adaptation and
physiological stability, suggesting good suitability for dual-
use cultivation systems. Although a slight reduction in plant
height and seed yield was observed under the Mobile
Agrivoltaic Installation (MIA), these changes were
accompanied by positive compensatory traits such as
increased branching and significantly higher seed weight.
These findings are consistent with reports by Trommsdorff et
al. [2] and Fagnano et al. [4] who noted that partial shade from
agro-photovoltaic systems can enhance harvest quality at the
expense of total yield.

The increase in Thousand Seed Weight (TSW) under MIA
conditions suggests improved resource allocation per seed,
possibly due to reduced transpiration and better water use
efficiency. Similar effects have been documented in other
aromatic crops, where moderate shading allowed for larger
seed or fruit development without excessive vegetative
growth [5]. The greater number of lateral branches under MIA
also indicates plasticity in architectural traits in response to
diffused light and altered red:far-red ratios—a known driver
of branching in shade-tolerant plants [6].

From a physiological standpoint, coriander plants grown
under MIA maintained or even improved key photosynthetic
indicators. Higher PSII efficiency and chlorophyll content
(CCI) suggest that temporary shading reduced photoinhibition
and supported effective energy conversion under moderate
light conditions. These findings align with the observations of
Hassanpour Adeh et al. [3] who reported improved PSII
activity in shaded conditions for leafy crops. The ability to
maintain high CCI values under reduced irradiance indicates
active chlorophyll biosynthesis, which can be linked to both
stress mitigation and enhancement of secondary metabolism
[11].

Importantly, the biochemical profile of coriander biomass
also improved under MIA. The total phenolic content and
antioxidant activity (2,2-Diphenyl-1-picrylhydrazyl, DPPH)
were significantly higher in shaded plants, which confirms the
stimulatory effect of moderate light stress on secondary
metabolite production. Previous research has shown that light
modulation—including spectrum quality—can influence
phenylpropanoid and flavonoid pathways, leading to
accumulation of linalool, apigenin, and related compounds
[12], [14]. Our findings support the idea that MIA systems, by
altering microclimate and radiation quality, can enhance the
functional value of medicinal plants without major
productivity losses.

Interestingly, soil moisture remained higher under MIA,
particularly in 2025 with the addition of drip irrigation. This
stability likely contributed to consistent biomass development
and helped maintain photosynthetic capacity. Similar
outcomes have been reported in solar-shaded tomato and basil
crops, where moderated evapotranspiration preserved water
status and enhanced crop quality [13]. This confirms that
agrivoltaic shading, especially when coupled with irrigation
control, can mitigate environmental stress.

Taken together, these results emphasize that coriander is a
suitable candidate for integration into mobile agrivoltaic
systems. The plant shows adaptive responses in morphology
and metabolism, which compensate for moderate reductions
in irradiance. The trade-off between slightly reduced yield and
improved biochemical composition may be particularly
valuable in high-value or pharmaceutical crop systems where
bioactive compound concentration is prioritized.

Future studies should evaluate the economic aspects of
MIA deployment and investigate how different light spectra
or panel movement algorithms may further optimize coriander
performance.

V. CONCLUSION AND FUTURE WORK

This work evaluated the agronomic and physiological
response of coriander (Coriandrum sativum L.) to periodic
shading induced by a Mobile Agrivoltaic Installation (MIA)
under field conditions in north-central Poland. Coriander
demonstrated good adaptability to intermittent MIA shading.

Future work will assess essential oil composition and
economic feasibility under extended agrivoltaic deployment.
Integrating coriander in mobile PV systems appears promising
for dual-use agriculture in temperate climates.
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Abstract—Rural depopulation has emerged as a pressing issue,
driven primarily by the migration of younger generations to
urban centers, thereby leaving behind ageing populations. This
demographic shift undermines local productivity, leading to the
abandonment of agricultural land and the progressive decline of
rural economies. The agricultural sector, in particular, is
adversely affected by labor shortages and diminished
investment, posing significant risks to both food security and the
preservation of rural cultural heritage. Addressing these
challenges necessitates the implementation of sustainable and
integrated policy frameworks aimed at revitalizing rural
communities and safeguarding traditional agricultural
practices. In this context, the intersection of agriculture and
tourism presents promising opportunities. When effectively
coordinated, these sectors can generate synergistic benefits that
support mutual development. The GAIME project is designed
to investigate and promote these synergies through the
application of gamification strategies in the tourism sector. By
fostering collaboration between tourism and agriculture, the
initiative seeks to enhance the resilience of rural economies and
ensure continued socio-economic vitality in agricultural regions.

Keywords-Agrotourism; Gamification; Empowerment of farming
sector.

L INTRODUCTION

Rural depopulation, largely driven by the outmigration of
younger generations in pursuit of improved economic
prospects, has significantly accelerated the ageing of rural
communities. This demographic trend is rooted in the absence
of dynamic economic structures capable of offering adequate
income levels and skilled employment opportunities to retain
youth.

Consequently, agricultural enterprises face acute labor
shortages, local businesses struggle to modernize, and
fundamental public services, such as educational institutions
and healthcare facilities, are forced to close due to declining
population density and reduced tax revenues. This labor
deficit severely undermines productivity and elevates
operational costs [1], rendering agriculture, agro-processing,
and small-scale enterprises increasingly unprofitable. The
resulting decrease in profitability discourages both investment
and innovation, thereby further contracting the local economic
base and diminishing employment opportunities. This
negative feedback loop reinforces the perceived
unattractiveness of rural territories, accelerating youth
outmigration and exacerbating socio-economic and
demographic decline.

Pedro Azevedo, Ruben Lopes,

DETI and IT, Universidade de Aveiro;
Aveiro, Portugal
e-mail: {pgca, lopes.ruben}@ua.pt

Breaking this self-reinforcing cycle [2], particularly in the
Southern European context, necessitates targeted policy
interventions that promote sustainable rural entrepreneurship,
enhance digital infrastructure, and foster the development of
high-value economic niches beyond traditional sectors, with
the aim of retaining or repatriating younger populations. The
case of Portugal is illustrative: the contribution of agriculture
to national Gross Domestic Product (GDP) declined from
8.9% in 1980 to 1.6% in 2020, signaling the sector’s inability
to keep pace with broader economic value creation [3][4].

Nonetheless, rural decline has also opened avenues for
innovation through the adaptive reuse of abandoned
properties. Across the Iberian Peninsula, these spaces present
unique opportunities for heritage tourism. In Spain’s Castilla
y Ledn region, for instance, disused stone cortijos have been
converted into boutique accommodations along cycling routes
in the Duero Valley, combining architectural heritage with
active tourism [5] [6]. In parallel, Portugal’s Alentejo region
has seen the transformation of former olive mills into cultural
centers that preserve and showcase traditional taipa (rammed
earth) construction techniques. These initiatives strategically
employ abandonment as a storytelling medium, linking
ecological restoration [7] with community-based tourism as a
mechanism to revitalize depopulated areas.

Agritourism practices—such as olive oil tastings in
Andalusia or cork oak forest tours in Alentejo—offer visitors
authentic, educational experiences while simultaneously
diversifying the income streams of smallholders. Rural
accommodations (casas rurales) often make use of heritage
architecture, and on-site sales of artisanal products like
cheese, wine, or Iberian ham capture added value through
direct-to-consumer channels. Interactive experiences such as
harvest volunteering or shepherd-guided treks deepen
visitors’ cultural engagement, foster land stewardship, and
contribute to the holistic strengthening of rural economies.

In these scenarios, agricultural activities are not only
productive but also performative, enhancing the touristic
appeal of rural destinations. By increasing visitors’ length of
stay and stimulating local consumption, they reinforce
demand for regional goods. However, farmers often lack
organizational structures and maintain historically limited
engagement with end consumers, which inhibits their ability
to form effective partnerships with the hospitality sector. The
absence of reciprocal value in existing relationships between
agriculture and tourism has led to the gradual dissolution of
such collaborations—resulting in mutual economic losses and
further decline in rural economic activity. To address this, the
application of gamification in agritourism [8],[9] introduces a
novel framework. By incorporating game design elements
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such as points, challenges, and leaderboards into farm-based
activities, previously mundane tasks—such as harvesting,
animal care, or ecological exploration—are reimagined as
interactive quests. This not only enhances visitor engagement,
enjoyment, and educational outcomes, but also appeals to
younger demographics, potentially increasing visitor loyalty
and the duration of stays.

In response to these opportunities, the GAIME
(Gamification of Agrotourism Industry to Maximize
Efficiency) project [10] has developed a tourist-centric
gamification model [11] aimed at fostering greater
participation in  agricultural activities, encouraging
accommodation in rural areas, and monitoring the flow of
locally produced goods. The project also integrates sensor-
based technologies into selected agricultural processes,
allowing real-time data to be shared via a user platform. This
platform disseminates information on upcoming festivals,
hospitality offers, and events linked to the agricultural
calendar, thereby sustaining tourist engagement beyond the
duration of the physical visit.

The remainder of this paper is organized as follows:
Section II briefly overviews GAIME project and Section III
presents the gamification strategy. Section IV concludes the

paper.
II.  PROJECT GAIME

The GAIME project constitutes a comprehensive strategy
aimed at fostering economic diversification in rural territories
by strategically integrating digital innovation with the
agricultural and tourism sectors. Its principal objective is to
harness technological tools to generate new revenue streams
and bolster the resilience of these interdependent sectors
through a series of interlinked interventions.

The first pillar of GAIME centers on the digitization of
agricultural  practices. By incorporating advanced
technologies—including precision agriculture tools, Internet
of Things (IoT) sensors, and data analytics—the project seeks
to enhance the efficiency of crop and livestock management.
The intended outcomes are increased productivity, optimized
resource use, and improved profitability for farmers through
evidence-based decision-making frameworks.

Secondly, the project explores the development of
agritourism as a viable solution for rural revitalization. A key
element involves the creation of an immersive digital platform
that offers potential visitors an engaging preview of authentic
agricultural experiences. This virtual interface functions as an
essential promotional instrument, targeting urban audiences
and highlighting the distinctive features and activities of
participating farms.

Thirdly, GAIME adopts an innovative approach to user
engagement through the gamification of the digital platform.
By integrating elements such as achievement-based rewards,
interactive challenges, and participatory features, the project
aims to transform passive interest into active involvement.
This gamified engagement strategy is particularly significant
for cultivating sustained attention, encouraging emotional and

experiential connection, and ultimately converting digital
interaction into on-site visitation and local consumption.

Lastly, GAIME promotes capacity-building initiatives via
a dedicated knowledge-sharing platform. This component is
designed to support both established and emerging farmers by
offering access to technical resources, best practices, and
structured training modules.

Taken together, these strategic dimensions contribute to
the creation of a more dynamic, resilient, and attractive rural
economy—one that is responsive to technological
transformation and capable of sustaining long-term socio-
economic vitality.

III. GAMIFICATION STRATEGY

The project's gamification strategy illustrated in Figure 1,
involves tourists, farmers, and hotel operators, establishing a
set of mutual incentives so that collaboration between them

participates in
ativities

sells his
products

extends stay
i1l Ry
TLULLITY
urnn

GAIME R

occupies
tourists

sells his
products

Figure 1 - GAIME approach

Within the GAIME framework, the gamified agritourism
model relies on the interaction of three key stakeholders—
farmers, hotels, and tourists—each fulfilling a distinct role
and contributing to the functioning and sustainability of the
ecosystem. TABLE 1 summarizes the respective
contributions and benefits of each actor.

The farmer serves as the central producer and host,
playing a pivotal role in enabling the agritourism experience.
Their primary source of income derives from the direct sale
of agricultural products to tourists and, in some cases, to
partner establishments, such as hotels. Importantly, farmers
host visitors on their land, offering a range of activities—
including farm tours, tastings, and hands-on experiences—
which constitute the core of the agritourism offering. To
enhance visitor engagement and promote product sales,
farmers may also provide complimentary samples or small
gifts, thereby fostering goodwill, brand recognition, and
loyalty. The farm itself acts as the essential infrastructural
and experiential foundation upon which the entire tourism
experience is built.

Hotels operate as crucial amplifiers of the local tourism
economy. Through their established marketing channels and
booking systems, they attract visitors to the region and
contribute to longer tourist stays, thereby maximizing local
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economic impact. In partnership with farmers, hotels may
offer local agricultural products within their food services or
retail spaces, promoting regional identity and sustainability.
Additionally, hotels may procure agricultural goods directly
from farms to supply their own operations, providing an
important sales outlet for producers. Furthermore, hotels
contribute financially by paying activity registration fees,
which enable tourist participation in farm-based experiences
and directly support those services.

Tourists are the primary consumers and drivers of the
agritourism model. Their participation in recreational
activities on farms constitutes the core demand, and their
expenditures sustain the economic viability of both
agricultural and hospitality stakeholders. Tourists purchase
farm products, book accommodations, and may pay fees to
participate in agricultural experiences. In return, they receive
added value through incentives, such as discounts, vouchers,
or complementary services—typically offered by farmers or
hotel partners—as a means of enhancing their experience and
encouraging future engagement. Ultimately, their presence
and spending represent the driving force behind the entire
collaborative ecosystem.

TABLE 1 - CROSS-BENEFITS AMONG GAIME ACTORS.

Actor Contributions Benefits
Receives tourists
F 11 t: .
armer Sells products Offers samples/gifts
Increases the number of Offers farm goods
Hotel tourists Consumes farm goods
Enlarges tourist stays Pays activity inscription
Parttlgl_pates 1n recreation Buys farm goods
. activities
Tourist . . Pays hotel stay
Receives Discounts Pays activity inscription
Receives Vouchers Y Y P

The AgriturGAIME platform facilitates the monitoring of
rural agricultural activities from urban locations. It achieves
this by integrating real-time sensor data collected via the
Internet and leveraging social media channels through
dedicated project pilots. This integration serves dual purposes:
enhancing tourist loyalty to rural experiences and attracting
new urban audiences.

A. Gamification process

The platform’s pilot implementations serve as pivotal
nodes within the agritourism ecosystem, functioning as data
aggregation and processing centers that monitor the use of
various tourism and agricultural activities. This analytical
capacity is enabled by the digitization of fundamental
agricultural and livestock operations, achieved through the
integration of advanced sensorisation, IoT technologies, and
big data analytics. A defining feature of the platform is its
capacity to actively disseminate sensor-derived data through
web-based interfaces and social media channels. This
strategic visibility fosters a tangible connection between rural
activity and urban audiences, effectively narrowing the spatial
and experiential divide. In this way, the AgriturGAIME

platform serves as a technological conduit, facilitating
meaningful interaction between rural producers, urban
consumers, and tourists.

The gamification layer is operationalized through a digital
platform that enumerates participating stakeholders—
specifically farmers and hospitality providers—and guides
tourists through the experience in an interactive, user-centric
manner. The system continuously monitors tourist
engagement and activity, while offering curated
entertainment, accommodation options, and local agricultural
products for purchase. The platform’s technical architecture,
as 1illustrated in Figure 2, comprises two principal
components: a central server that stores system data, logs user
interactions, and enables agricultural and tourism operators to
create and manage their business profiles and service
offerings; and a mobile application installed on the tourist’s
personal device, which functions as the primary interface for
user interaction with the platform.

| Yat-GAIME

HTTPS

l
@ash—- @ redis <—1

API
| MicroArchitecture Layer

Message Broker

) autho

Core Services
Auth Service
Farm Service
Activities Service
loT Service
Marketplace Service
User Management

Notification Service *—L
—

@ T
Database

Figure 2 - GAIME platform.

Server (kubernetes Cluster)

Firebase

The android app tracks the user's location and focuses on
activity offerings, hotel offers, and agricultural products
available for purchase based on the user's location. It also
monitors  tourist activity and records stays at
accommodations and participation in recreational activities
reading QR-Codes and Near Field Communication (NFC)
tags, allowing agricultural and touristic operators to tailor
their offerings based on the context: offering recreational
activities and extending accommodation periods based on
participation in recreational activities.

The platform includes a web interface so that those
responsible for agricultural businesses and accommodations
can edit information about their own businesses, upload
photos, and manage their offerings, whether in terms of
activities, product sales, or accommodations. Figure 3
illustrates an activity schedule management form to be used
by the farmers.
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B. Project Pilots

The project includes a set of four pilots where various
agricultural processes were digitized, generating information
used by the platform to extend the relationship between
tourists and the activities in which they participated, even
after returning home. In each of the pilots, agricultural
activities that could establish greater empathy with tourists
were identified and sensorized so that monitoring data could
be published through the project platform.

Novo Hordrio

Hordrio da Atividade: 2025-04-23 1400 - 18:00

Participantes Inseritos: 0 de 15

Hordrio da Atividade: 2025-04-24 1490 - 1
Participantes Inscritos: 0 de 15

Hordrio da Atividade: 2025-04-25 1400 - 1
Participantes Inseritos: 0 de 15

Horério da Atividade: 2025-04-28 1400 - 18:00
Particinantes Inseritos: 0 de 15

Figure 3 - Farm editing process.

In each pilot project, agricultural activities that could
foster greater rapport with tourists were identified and
sensorized so that monitoring data could be published
through the project platform. Among the livestock activities,
sheep and cow herds were monitored, with their location and
accelerations continuously recorded. Processing this
monitoring data allows the platform to display the animals'
activity in real time and track their location.

Among agricultural activities, the condition of cultures is
monitored, with continuous image capture and air
temperature and humidity measure5Sments. This information
is disseminated through the platform, allowing users to track
the phenological status of the plants visited.

The pilots also contain a set of devices designed to
streamline tourist activities, such as audio guides that share
interesting facts about activities in the region. In one case,
audio guides are used to explain the various steps of the Serra
cheese production process in several languages during a
cheesemaking activity at a traditional cheese factory in the
Guarda region.

IV. CONCLUSION AND FUTURE WORK

Rural depopulation, driven by youth migration due to
limited economic opportunities, creates a self-reinforcing
cycle of decline: labor shortages reduce productivity and
investment, further diminishing attractiveness. While
heritage tourism repurposes abandoned assets, traditional
agritourism often struggles with fragmented sectoral
collaboration.

The GAIME project addresses this by deploying a
synergistic gamification platform that digitally bridges

farmers, hotels, and tourists. Through sensorized agriculture
(livestock/crop monitoring), real-time data sharing, and
incentivized activities (discounts, vouchers), GAIME
deepens tourist engagement, extends rural stays, and fosters
direct economic links.

This model is based on the expectation that digitally
mediated partnerships—transforming working farms into
interactive destinations—can revitalize rural economies by
aligning tourism appeal with agricultural authenticity and
community resilience. Disseminating the project to
stakeholders will help identify challenges in adoption, as well
as problems with farmer involvement.

ACKNOWLEDGMENT

This work is supported by the European Union / Next
Generation EU, through Programa de Recuperacdo e
Resiliéncia (PRR) [Project Nr. PRR-C05-i03-1-000235-
LA7.2 /PRR-C05-i03-1-000235-LA7.5 /PRR-C05-i03-I-
000235-LA7.6: GAIME (17/C05-103/2022.PPRR-C05-i03-
[-000235-LA7.2 / LA7.5/ LA7.6)].

REFERENCES

[1] D. Strijker, “Agriculture in Transition. A Neo-Institutional
Analysis - By PIERLUIGI MILONE”, Tijdschrift voor
economische en sociale geografie 2011, 102, 119-120,
doi:10.1111/1.1467-9663.2010.00639.X.

[2] W. Chen, D. Han, Y. Zhan, and B. Chen, “The Impact of Rural
Population Decline on the Economic Efficiency of Agricultural
Carbon Emissions: A Case Study of the Contiguous Karst
Areas in Yunnan—Guizhou Provinces, China”, Agriculture

2025, Vol. 15, Page 1081 2025, 15, 1081,
doi:10.3390/AGRICULTUREI15101081.
[3] Portal Do INE Available online:

https://www.ine.pt/xportal/xmain?xpid=INE&xpgid=ine unid
_territorial&menuBOUI=13707095 &contexto=ut&sel Tab=ta
b3, retrieved: July, 2025.

[4] Agricultura, F. e P. os subtemas Dados Das Exploragdes
Agricolas Em Portugal - Pordata Available online:
https://www.pordata.pt/subtema/portugal/exploracoes+agricol
astetsuperficie-421, retrieved: July, 2025.

[51 Upcycling Abandoned Houses — Smart Rural Areas Available
online: https://www.smartrural21.eu/smart-
solution/upcycling-houses/, retrieved: July, 2025.

[6] Heritage and Culture | Portal de Turismo de Castilla y Ledn
Available online:
https://www.turismocastillayleon.com/en/heritage-culture,
retrieved: July, 2025.

[71 J. F. M. Duque, J. Pedraza, A. Diez, M. A. Sanz, and R. M.
Carrasco, “A Geomorphological Design for the Rehabilitation
of an Abandoned Sand Quarry in Central Spain”, Landsc.
Urban Plan 1998, 42, pp. 1-14, doi:10.1016/S0169-
2046(98)00070-X.

[8] Z.Ju, Z.Y.Li, X. D. Cheng, and W. X. Wang, “Design and
Research on the Integration of Gamification Design and
Agricultural Harvesting”, Lecture Notes in Computer Science
(including subseries Lecture Notes in Artificial Intelligence
and Lecture Notes in Bioinformatics) 2024, 14716 LNCS, 104—
116, doi:10.1007/978-3-031-61362-3_8.

[91 J. Garzon, J. Acevedo, J. Pavon, and S. Baldiris, “Promoting
Eco-Agritourism Using an Augmented Reality-Based

Courtesy of IARIA Board and IARIA Press. Original source: ThinkMind Digital Library https://www.thinkmind.org

Copyright (c) IARIA, 2025.  ISBN: 978-1-68558-327-9

20



CSRF 2025 : The Second International Conference on Sustainable and Regenerative Farming

[10]

Educational Resource: A Case Study of Aquaponics Interactive
Learning Environments 20207,
doi:10.1080/10494820.2020.1712429/ASSET/A86CCO6F -
3EE9-41EF-BD83-
EBSOCS500C69A/ASSETS/IMAGES/NILE_A_1712429_F00
05_OC.JPG.

Project GAIME, Available online: http:/agrogaime.com/,
retrieved: July, 2025.

P. Gongalves, D. Corujo, and L. Coelho, “Gamification of
Agrotourism Industry to Maximize Efficiency”. Proceedings of
the 11th International Conference on Information and
Communication Technologies in Agriculture, Food and
Environment, vol. 117, Pp- 26, 2025,
doi:10.3390/PROCEEDINGS2025117026.

Courtesy of IARIA Board and IARIA Press. Original source: ThinkMind Digital Library https://www.thinkmind.org

Copyright (c) IARIA, 2025.

ISBN: 978-1-68558-327-9

21



CSRF 2025 : The Second International Conference on Sustainable and Regenerative Farming

The Differences in Exit Propagation via Cuttings for Cistus ladanifer and Cistus x
cyprius

Jose Plaza!, Lorena Parra?, Maria Teresa Jiménez-Aguirre!, José Miguel Pefia' and Pedro V. Mauri!
nstituto Madrilefio de Investigacion y Desarrollo Rural, Agrario y Alimentario (IMIDRA), Finca “El Encin”, A-2, Km 38,
2, 28800 Alcala de Henares, Madrid, Spain
2 Departamento de Produccién Agraria, Escuela Técnica Superior de Ingenieria Agronomica, Alimentaria y de Biosistemas,
Universidad Politécnica de Madrid, 28040 Madrid, Spain
Email: jose.plaza.ramos@madrid.org; lorena.parra@upm.es, teresa.jimenez.aguirre@madrid.org;
josemiguel.pena@madrid.org; pedro.mauri@madrid.org

Abstract— In Mediterranean ecosystems, reforestation and the
cultivation of aromatic species from the Cistus genus are vital
for restoring degraded soils and producing essential oils.
Propagation via cuttings is crucial for preserving local genetic
material, but a clear methodology is often lacking. This study
evaluated the optimal conditions for the vegetative propagation
of Cistus ladanifer L. and Cistus x cyprius Lam. from cuttings,
with the goal of maximizing both the rooting rate and root
length. Cuttings from both species were collected across four
seasons (winter, spring, summer, and autumn) and were
subjected to four different doses of IndoleButyric Acid (IBA)
in four distinct greenhouse temperatures. The results from
statistical analyses (ANOVA) demonstrated that the time of
year is the most significant factor. The highest rooting
percentages and longest roots were obtained from cuttings
collected in winter and autumn, while summer proved to be the
worst period. A dose of 750 mg/l of IBA was found to be most
effective for promoting root growth. Additionally, higher
cultivation table temperatures, up to 32 °C, favored greater
root length. In conclusion, this study provides a clear
methodology: for successful propagation, it is recommended to
take cuttings in autumn or winter, treat them with 750 mg/l of
IBA, and cultivate them at 32 °C.

Keywords-Cistus; rooting; cutting propagation; cultivation
conditions; aromatic shrubs.

I. INTRODUCTION

In Mediterranean areas, reforestation and forest
cultivation have become more important given the impact of
climate change and wildfires on soil loss and habitat
degradation [1]. Efforts to restore degraded ecosystems by
means of forest cultivation and restoration are vital to
maintaining rural and natural ecosystems and ensuring the
profitability of primary activity in rural areas. Thus, trees and
shrubs are being grown for restoration and forest cultivation.
Nonetheless, while the origin of specimens for agricultural
production might not be crucial, the biodiversity and
ensuring the local origin of implanted specimens are
essential in forest cultivation.

The use of local genetic material in both reforestation and
forest cultivation is essential to ensure that planted
individuals are well adapted to the specific edaphoclimatic
conditions of the area [2]. This impacts both the survival rate
of reforested specimens and the productivity of forest

cultivation. Moreover, using local individuals helps prevent
the genetic contamination of native populations, thereby
safeguarding their evolutionary potential and the species'
genetic integrity.

Besides the use of forestry species for restoration, some
of them can potentially be exploited for commercial
purposes. In the case of aromatic shrubs, the extraction of
essential oils has become a valuable resource. Some
Mediterranean species currently exploited for their essential
oil and other subproducts, are from the Salvia, Cistus, and
Thymus genera. The propagation of some species can
become challenging, since this propagation in natural
conditions is linked to the occurrence of wildfires. These are
known as pyrophytic species; examples are Cistus ladanifer
L. and Cistus laurifolius L, among others [3]. C. ladanifer is
an important species for its essential oil production [4]. The
most effective way of artificially propagating the local
specimens is the use of cuttings. Moreover, propagating the
exploited individuals by seeds does not ensure that new
individuals share the same traits as the original one.

Even though there are multiple benefits of using cuttings
as a strategy for propagation, the success of the cutting
depends on multiple factors. Some authors indicated that
cutting propagation moment, the planting moment, might
even interfere in the production of essential oil [5].
Propagation success is commonly evaluated based on the
rooting rate, expressed as the proportion of cuttings that
formed roots under controlled conditions. Some of these
factors can be extrinsic, such as environmental temperature,
photoperiod, or the inclusion of growth regulator hormones.
In contrast, other factors are intrinsic and directly related to
the plant physiology when the cutting collection occurs. In
fact, differences among species' ecology can generate the
fact that the best conditions for a given species' propagation
differ from those for other species.

The aim of this paper is to evaluate the best conditions
for propagating specimens of C. ladanifer and C. x cyprius
for production purposes. To do so, cuttings were propagated
at four different times of the year. Individuals of both species
are included in this study to assess if there are differences
between them. To homogenise the environmental conditions,
propagation was conducted under stable temperatures.

The main challenge for this research is the limited natural
distribution of C. x cyprius. Besides, the lack of previous
studies of cutting propagation success in C. ladanifer and C.
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x cyprius populations in Spain, jointly with diverse results in
other populations, poses a scenario with multiple factors to
be studied.

The rest of the paper has been structured as follows;
Section 2 outlines the related work. The materials and
methods are described in Section 3. Then, Section 4
discusses the obtained results, indicating the best conditions
to propagate individuals of both species. Finally, the
conclusions are summarised in Section 5.

II.  RELATED WORK

In this section, we summarise current efforts comparing
the best conditions for propagating Mediterranean species
through different methods.

A recent study conducted by Kostas et al. [6] in Greece
with Rosmarinus officinalis L. indicates rooting success
across all seasons (April, July, October and January) from 7
different locations. Currings were grown in controlled
conditions, and potassium salt Indole-3-butyric acid (K-IBA)
was used. The results indicate that when no K-IBA was used,
success is strongly conditioned by the season, reaching the
best success in October with a success rate of about 40 %.
When K-IBA was used, success reached 80 % in October.
There is a high variability in rooting success among locations
and seasons.

A similar study was performed by Scaltrito et al. [7] in
Italy with Salvia ‘Farina Silver Blue’ and ‘La Siesta’. They
evaluated the success rate of cuttings under an aeroponics
system. Spraying interval and the IBA dose were the
evaluated factors, while the root length and root diameters
were the evaluated parameters. Their results indicated that
propagation by cuttings in an aeroponic system is possible
and has a high success rate with a spraing interval of 10
minutes and with 1g/L of IBA. Results are similar for both
cultivars in terms of root length but strongly differ in root
diameter.

A recent study, conducted on specimens of the genus
Cistus, was presented by K. Ioannidis and Koropouli [8] with
Cistus creticus L. (rockrose). In this case, in vitro culturing
was evaluated. They determined that the origin of plant
material does not impact the success of propagation. The
maximum success in routing reached 98.61 % using an
enriched medium. Other authors have assessed the in vitro
propagation of C. ladanifer to culture tissues from leaf and
stem explants [9]. Finally, Boukili et al. [10] in Morocco
have assessed the in vitro propagation of a given ornamental
variety of C. ladanifer. They have used explants from seed
germination and from wild plants in the field. Their results
indicate a low caulogenic response for explants from wild
plants. High success was achieved using microcuttings
derived from shoots regenerated through micropropagation.

Some authors pointed out that the best moment for C.
ladanifer propagation is during autumn [11], but no data is
provided to support this affirmation, and no information on
the percentage of routing success has been reached. In
addition, no details of an effective method for cutting
propagation have been provided.

As far as we are concerned, no clear methodology was
found for cutting propagation of C. ladanifer or C. x cyprius.

Using in vitro cultivation has also been challenging and
relies on seeds, which do not ensure maintaining the genetic
traits of parental plants. Therefore, the obtention of a method
to effectively propagate individuals for both production and
reforestation purposes is needed.

III. MATERIALS AND METHODS

This section describes the origin of plant material and the
methods and materials for plant propagation by cuttings.

A. Sampled Area Description

The plant material was sampled at the Sierra Norte of the
Community of Madrid (Spain), where specimens of C.
ladanifer were collected at Berzosa del Lozoya and C. x
cyprius at Bustarviejo.

Both sites are characterized by an altitude over 1200
meters above sea level, the climate is continental (average
temperature of 10.4 °C and annual precipitation of 520 mm,
typically distributed along spring and autumn). The area has
very stony soil, which is classified as Inceptisols/Entisols
[12]. Dominant vegetation includes forests of oaks and pine,
alongside a rich understory of Mediterranean scrub, mainly
the Cistus genus.

B.  Sample Collection

Throughout the hydrological year (winter, spring,
summer and autumn), fifty plants from both specimens were
collected in order to cover their entire phenological
spectrum. This corresponded to the months of December,
March, June and September.

The collection was carried out manually by selecting
cuttings that had sprouted during the year. The cuttings were
15-20 cm long, with 2-3 whorls kept and the leaves
removed to prevent further water loss. The sampling
locations of the individuals were geolocated so that they
could be reproduced in future. On the same day, the cuttings
were transferred to IMIDRA and stored at 4—-6 °C until the
following day.

C. Treatmeants

Heated tables were prepared at 20, 24, 28 and 32 °C in a
greenhouse with a perlite substrate prior to the cuttings being
placed on them (Figure 1). Four treatments of IndoleButyric
Acid (IBA), a synthetic hormone used as a rooting promoter,
were also applied at concentrations of 0, 750, 1500 and 3000
mg/l. The day after collection, the cuttings were immersed in
the solution for two minutes and immediately placed on the
substrate.

D. Cultivation and Measures

The greenhouse tables were covered with plastic (Figure
1d) and irrigated every two hours for two minutes to
maintain a saturated atmosphere. Fungicide treatments were
applied as needed.

Four months after planting, the success of the rooting
process was evaluated. The number of cuttings that had
rooted was determined by measuring the length of the root.
Those that had not rooted were differentiated according to
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whether they had continued to grow after planting or had
died since being cut.
Other measures were made, but not included in this work.

E. Statistical Analysis

The differences in rooting and root length success among
the various treatments were assessed using variance analysis
(ANOVA). The Least Significant Difference was used to
obtain a multiple-range group test. Statgraphics Centurion
XVIII was employed.

The factors studied are: species (C. ladanifer and C. x
cyprius), season (autumn, winter, spring, summer), IBA
dosses (0, 750, 1500, and 3000 mg/L), and temperature (20,
24,28, and 32 °C).

IV. RESULTS

This study analyses the influence of the cutting season,
growth temperature and rooting hormone dose applied, both
quantitatively and qualitatively, in the C. ladanifer variety
and its hybrid, C. x cyprius. The quantitative analysis is
based on measuring the success rate of rooting for the total
number of cuttings planted (6,385), while the qualitative

Figure 1.

analysis is based on measuring the root length obtained for
the 2,119 cuttings that showed roots.

A.  Successful rooting

The analysis considered three scenarios: the presence of
roots, the absence of roots, and the death of the cutting. The
species with the lowest mortality rate and the highest number
of individuals with developed roots is considered to be the
best for cuttings. Figure 2a shows that there are no graphical
differences in mortality between species with similar rates:
9% for C. ladanifer and 8 % for C. x cyprius. However,
there is greater success in rooting (19 %) for C. x cyprius
compared to 15 % for C. ladanifer.

Regarding the season for cutting, there is a clear
difference, with winter and autumn being the best periods for
cutting (see Figure 2b), since Cistus plants are dormant at
these times and do not produce any vegetative growth. Both
periods show low mortality rates among the cuttings, with
the winter period standing out with zero mortality and a
higher number of individuals with roots. In contrast, during
spring and summer, mortality rates reach 8 % of individuals.
Furthermore, summer is clearly the worst time to carry out
these grafting tasks, as only 1 % of individuals had roots.

b)

Greenhouse tables: (a) setting up; (b and c) heating system for 20, 24, 28 and 32 °C; (d) winter cuttings on perlite substrate.
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Figure 2. Rooting Success by (a) specimens of C. ladanifer and C. x cyprius, (b) season cutting, (c) IBA doses and (d) greenhouse table temperature.

Regarding the effect of applying IBA (Figure 2c) or

varying the temperature conditions of the table (Figure 2d), TABLE L ROOT LENGTH BY ALL ROOTED INDIVIDUALS AND BY THE
. . . . FACTORS CONSIDERED. THE LETTERS SYMBOLIZE GROUPS OF
neither seems to significantly affect rooting success. SIGNIFICANCE.
However, a slight increase in root presence is observed when
IBA is applied compared to when it is not. N Avg£SD  Median
B.  Root length Total Rooted 2119 11.6+6.4 11.0
Following, the differences in root length are analysed. Speci C. ladanifer 935 114"+ 6.4 10.5
. . pecimens
First of all, the effects of different factors are presented. C. x cyprius 1184 11.7°£6.4 1.5
T_hen, some images are provided to evidence the encountered Winter o8 139263 120
differences. . .
Root lengths ranged from 0.5 to 45 cm, with an average Season Spring 483 87057 8.0
of 11.6 cm + 6.4 and a median of 11.0 cm for the 2,119 Summer 73 6.4°+£5.6 5.0
individuals with roots (see Table I apd Figure 3). ANOYA Autumn 676 1129+ 5.8 105
was performed on these to determine the most effective -
treatment combinations for taking cuttings from C. ladanifer 0 454 11*+6.1 10.5
and C. x cyprius. The analysis confirmed that there were 750 562 12.5°+6.7 12.0
significant differences in root length depending on the tim IBA (mg/l)
fgﬂ cai N €Iences 1m roo E g W?pe g <1> d € he 1500 561 11.1°+6 10.0
of year that cuttings were taken. Winter resulted 1n the .
longest roots, with an average length of 13.9 cm, followed by 3000 542 117766 10
autumn with an average length of 11.2 cm (Figure 3b). 20 566 10.9°+52 11.0
However, there were no differences in root length between 24 451 112046 11.0
1 i Temp. (°C
species (Figure 3a). p. (°C) )8 . 11.9% 4 6.9 105
32 490 12.3°£7.2 12.0
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Figure 3. Rooting Length by (a) specimens of Cistus ladanifer and Cistus x cyprius, (b) season cutting, (c) IBA doses and (d) greenhouse table
temperature.

The IBA dose applied (Table I, Figure. 3¢) only shows
differences for the 750 mg/l dose with a root length of ~1.5
cm greater than the other doses considered (Figure 4). This
suggests that the crop's capacity to absorb the hormone is
exceeded at higher doses, resulting in waste.

The temperature of the greenhouse table (Table I, Figure
3d) shows an upward trend in root length as the temperature
increases, with differences appearing when the distance
between them exceeds 4°C. Thus, the 32°C table stands out
with a greater root length (12.3 +7.2 cm).

Multifactorial ANOVA analysis shows that the only
significant factor affecting root length is the season in which
the cuttings are taken. However, several significant
interactions were identified, indicating that the combined
effect of IBA treatment and temperature on root growth
varies substantially depending on the season. Furthermore,
when cuttings are taken in spring, it is observed that the C.
ladanifer variety has longer roots, and the interaction
between temperature and IBA dose is maintained. In this
case, however, the recommended temperature would be
24 °C, with the dose remaining at 750 mg/1.

Figure 4. Cistus ladanifer spring cuttings roots on 24 °C table with (a) no, (b) 750 mg/l, (c) 1500 mg/1 and (d) 3000 mg/l of IBA doses.
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V. DISCUSSION

Finally, a discussion comparing the obtained results with
existing literature is provided.

Compared with existing studies, the obtained root
success was considerably lower [6][8]. In [6], the success
rates range from 40 to 80 % for Rosmarinus officinalis and in
[8] the success rate exceeds 98 % for Cistus criticus. Other
authors have also reported variable success rate with Myrtus
communis L. ranging from maximum rates of 43% for white
myrtle to 76 % for black myrtle [13] or Juniperus sabina L.
with maximum rates of 60 % [14] or Salvia fruticosa Mill.
with maximum rooting success of 80 % [15]. For C.
ladanifer and C. x cyprius, the success rate never reached 40
%. Nonetheless, the used species are different from those in
the aforementioned papers. Thus, differences in routing
success might be due to the different growing conditions and
physiology of different species. There is no data about
routing success in previous work conducted with the used
species (C. ladanifer and C. x cyprius).

Concerning the best conditions for cutting, our results
indicate that the best moment for propagation of C. ladanifer
is in both winter and autumn, which is partially aligned with
[6] and [11]. The highest success and longest roots were
achieved with 0.75 g/l of IBA, which is similar to the
conclusions of [7]. The maximum rate was reached with 1 g/
[14] and with 0.5 g/L in [13]. Thus, our results in terms of
the effects of the analysed factors are aligned with existing
literature.

VI.  CONCLUSION AND FUTURE WORK

In this paper, the success of cutting propagation, in terms
of rooting, of two Mediterranean species has been evaluated.
Research has shown that the rooting capacity of both species
remains consistent, with the exception of spring rooting. In
this season, C. ladanifer exhibits a marginally enhanced
response, as indicated by an increase in root length.

The best season for cutting is autumn and winter,
preferably winter, applying a hormonal treatment of 750
mg/l IBA and maintaining the greenhouse table temperature
at 32 °C. If cutting is carried out in spring, the table
temperature can be reduced to 24 °C. Cuttings should be
avoided during the summer months.

In future work, the evaluation of other aspects, such as
flower development of the cuttings and their adaptation and
survival in field conditions, will be conducted. Moreover,
intermediate doses of IBA will be studied. Finally, efforts to
conduct in vitro propagation to reach higher success will be
considered.
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Abstract—Rainfed wheat, covering 160 million hectares
globally, is critical to food security but faces significant yield
gaps due to inefficient resource use and variable climatic
conditions. This study evaluates the efficiency of nitrogen (N)
and phosphorus (P) fertilizer use in rainfed wheat production
worldwide, aiming to identify optimal application rates for
achieving 50%, 70%, and 80% of water-limited potential yield
(Yw) while minimizing environmental impacts. Building on an
expanded Global Yield Gap Atlas (GYGA) dataset previously
extended from 49 countries to global coverage using stepwise
regression, we applied Data Envelopment Analysis (DEA) to
assess production efficiency across 122 countries and their
climate zones. Inputs included annual precipitation and N and
P applications, with outputs comprising crop yield, production,
water productivity, and nutrient use efficiencies under the
Constant Returns to Scale (CCR) model. Results reveal stark
efficiency disparities: Sweden, Ukraine, Ireland, Finland, and
Belgium achieved maximum efficiency (1.0), while India, Iran,
and others scored as low as 0.18-0.37 under current conditions.
Efficiency improved with higher yield targets, with optimal N
and P rates significantly lower than current applications in
many regions e.g., Montenegro’s N use dropped from 427
kg/ha to 132 kg/ha for actual yield optimization. Climate zone
analysis further identified efficient production hotspots,
guiding targeted interventions. These findings underscore the
potential to enhance global rainfed wheat productivity through
optimized fertilizer strategies, offering a pathway to close yield
gaps, boost food security, and reduce ecological footprints.

Keywords-Rainfed wheat; Yield gap; Fertilizer efficiency;
Data envelopment analysis; Sustainable agriculture.

I. INTRODUCTION

The global population continues to expand rapidly,
driving an escalating demand for food and intensifying
pressure on agricultural systems worldwide. Rainfed wheat,
cultivated across approximately 160 million hectares, stands
as a cornerstone of global food security, particularly for
regions reliant on this staple crop to meet nutritional needs
[1]. However, its production faces significant challenges due
to its dependence on unpredictable rainfall patterns, which
exacerbate yield gaps defined as the disparity between actual
yields (Ya) and water-limited potential yields (Yw) and
threaten sustainable food supply chains. Addressing these
challenges requires identifying regions with high production
potential and optimizing resource use, particularly for critical
inputs like nitrogen (N) and phosphorus (P) fertilizers, to
close yield gaps while minimizing environmental impacts
[2][3]. Fertilizers, especially N and P, are indispensable for
enhancing crop productivity and achieving higher yields.
Their use has surged dramatically to support growing food

demands, with synthetic fertilizer consumption exceeding
safe planetary boundaries [4][5]. This overuse has triggered
severe environmental consequences, including air pollution
from particulate matter and aerosols [6], climate change and
ozone depletion [7][8][10], eutrophication of aquatic
ecosystems [9], biodiversity loss [10], and soil acidification
[11]. Such inefficiencies not only strain economic returns for
farmers but also undermine food security by limiting
sustainable productivity [3]. Consequently, optimizing
fertilizer application is imperative to balance productivity
gains with ecological sustainability, a goal that hinges on
determining region-specific, efficient input levels to achieve
target yields, such as 50%, 70%, or 80% of Yw. Previous
research has laid critical groundwork for understanding
fertilizer use and yield relationships. For instance, Smerald et
al. [12] demonstrated that redistributing N globally could
maintain cereal production with a 32% reduction in fertilizer
use or boost output by 15% without increasing N levels,
thereby reducing environmental N losses. Similarly,
Anderson et al. [2] underscored the need to enhance P Use
Efficiency (PUE) to mitigate pollution and conserve finite P
reserves. Historical analyses of global N and P fertilizer
trends further highlight shifting hotspots and nutrient
imbalances, emphasizing the need for spatially explicit
strategies [5]. Building on these insights, our prior work
expanded the GYGA dataset originally covering 49 countries
for rainfed wheat by employing stepwise regression models
to extrapolate climate, soil, and management relationships to
a global scale [13]. This globally extended dataset provides a
robust foundation for assessing production potential and
yield gaps worldwide.

Despite these advances, a critical research gap persists:
no study has comprehensively evaluated the efficiency of N
and P use in rainfed wheat production on a global scale while
identifying optimal fertilizer levels to achieve specific yield
targets. Access to detailed, spatially variable data is essential
for such analyses. While datasets from the International
Fertilizer Association (IFA) and Food and Agriculture
Organization (FAO) have offered country-level fertilizer use
since 1961, they assume uniform application rates,
overlooking within-country variations [14]. Efforts to refine
these data, such as those by Potter et al. [15] and Mueller et
al. [16], incorporated crop-specific patterns but remain
temporally limited (circa 2000), restricting their utility for
contemporary optimization studies. In contrast, our current
study leverages the globally extended GYGA dataset to
apply DEA, a nonparametric method, to assess the efficiency
of rainfed wheat production across countries and climate
zones. By integrating actual and potential yield data with N
and P inputs, we aim to identify efficient and inefficient
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production regions and determine optimal fertilizer
application rates for achieving 50%, 70%, and 80% of Yw.
This approach not only advances our understanding of
resource use efficiency but also offers actionable insights for
sustainable agricultural intensification, aligning productivity
goals with environmental stewardship. The rest of this paper
is organized as follows. Section II outlines the data sources
and methodology used. Section III presents the results of the
efficiency analysis. Section IV discusses the implications of
optimal nitrogen and phosphorus application. Section V
provides conclusions and future research directions. The
acknowledgments and references conclude the article.

II. MATERIALS AND METHODS

A. Data Sources and Conceptual Framework

This study builds on the GYGA database, which
aggregates crop modeling outputs for rainfed wheat across
49 countries, providing actual yield (Ya), water-limited
potential yield (Yw), yield gaps (Yg), nitrogen (N) and
phosphorus (P) application rates, and target nutrient
requirements (N50, N70, N80; P50, P70, P80) for 50%, 70%,
and 80% of Yw. Water productivity data (for actual yield
(WPA), and potential yield (WPP)) are also included,
derived from 15-year simulations using validated models
(e.g., Decision Support System for Agrotechnology Transfer
(DSSAT) and Agricultural Production Systems sIMulator
(APSIM)) per GYGA protocols [1]. These targets align with
realistic yield potentials under rainfed conditions, informed
by nutrient uptake dynamics. The dataset was globally
extended by mapping GYGA data to climate zones, using
rainfed wheat acreage from the Spatial Production Allocation
Model (SPAM2020), soil data from the FAO Harmonized
World Soil Database (e.g., organic carbon, pH), and climate
variables from GYGA Environmental Data (e.g., growing
degree days, aridity index). The extension methodology,
including data integration and predictor selection, is fully
described in Dadrasi et al. [13].

B. Stepwise Regression Extension and Uncertainty
Considerations

The GYGA dataset extension to 122 countries relied on
stepwise regression modelling, as outlined in Dadrasi et al.
[13], where environmental and management variables were
used to predict GYGA parameters (Ya, Yw, N, P needs)
across climate zones. This involved analysing approximately
180,000 data points per parameter, averaged by region, with
model performance validated (R?> = 0.78-0.85) using the
cited study’s approach. For this study, the extended dataset
supports DEA  analysis. Uncertainties include: (1)
aggregation of sub-national fertilizer use variability,
potentially masking local differences; (2) coarse spatial
resolution of global soil and climate data; and (3)
assumptions of consistent crop responses across
agroecological zones, which may affect DEA accuracy.
These were partially mitigated in the original extension
through cross-validation with regional data (China, India,
USA) and are further addressed here by using relative
efficiency scores in DEA, which reduce sensitivity to

absolute input errors. Additional details on the regression
equations and validation metrics are available in Dadrasi et
al. [13].

The GYGA dataset was extrapolated from its original 49-
country scope to 122 countries using stepwise regression to
extend climate, soil, and management relationships. The
validity of this extrapolation was supported by previous
studies [13][17], which reported a strong correlation (r =
0.80, p < 0.01) between modeled and observed yields across
122 countries, thereby confirming the robustness of the
approach.

C. Data Envelopment Analysis (DEA)

DEA, introduced by Charnes et al. [18], is a
nonparametric linear programming technique employed to
estimate production functions and assess the efficiency of
multiple Decision-Making Unit (DMUs) [19]. Its primary
objective is to optimize efficiency by achieving maximum
output with minimum input, either by enhancing output
while maintaining input constant or obtaining a specific
output with minimal input. The choice between these options
depends on the DMUs under consideration. This study
adopts an input-oriented approach with multiple inputs and
outputs. DEA is utilized to evaluate DMUs' efficiency
[20][21].

The DEA was conducted using the deaR package [22] in
R (version 4.3.2). To perform DEA, the primary focus was
on the countries that account for 98.9% of the rainfed wheat
crop area globally. The analysis was based on the annual
precipitation, and the application of N and P fertilizers in
each climate zone of each country, to achieve the actual
yield, as well as 50%, 70%, and 80% of the water-limited
potential yield as input and crop yield, crop production,
water productivity, N use efficiency, P use efficiency were as
output in the CCR model. A specific equation was used in
the DEA to estimate the efficiency value in each country and
climate zone. The CCR model is a specific variant of DEA
used to evaluate the relative efficiency of DMUs in
converting inputs into outputs. In the CCR model, the
efficiency of each DMU is assessed under the assumption of
Variable Returns to Scale (VRS), allowing for scale
efficiency to be considered.

Considering j=1, 2,3, m DMUs using Xi|i=1,2,3, ,n
inputs to produce Yr|r =1, 2, 3, ., outputs and Ya or Yw
(multipliers) Viand Ur associated with those inputs and
outputs, we can also formalize the efficiency expression in
(1) as the ratio of weighted outputs to weighted inputs:

Py Ty

E Tul = —
f ficiency T

(1

Following the analysis, we obtained efficiency scores
ranging from 0 to 1, which reflect the relative efficiency of
each DMUs, such as countries or specific climate zones
within countries. Using the multiplier (input-oriented) model,
we also derived the marginal contributions of each input and
output, identified efficiency peers, and calculated their
corresponding weights within the envelopment framework.
Additionally, the model allowed us to pinpoint areas for
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improvement, including input excesses and output shortfalls,
often referred to as slacks.

An efficiency scores close to 1 indicates that a DMU is
performing efficiently, while scores below 1 suggest varying
levels of inefficiency. The CCR model further enables us to
assess scale efficiency, helping to determine whether a DMU
is operating at an optimal scale based on its input-output
configuration. These DEA equations are essential tools for
evaluating and benchmarking efficiency across different
sectors, including agricultural systems. Based on the DEA
results, we extracted both the efficiency scores and the target
values for each input and output variable included in the
model.

III. RESULTS

A. Efficiency

DEA was performed using N and P application rates as
input variables under different yield target scenarios. The
analysis showed that six countries including Sweden,
Ukraine, Ireland, Finland and Belgium, achieved an
efficiency score of 1, indicating optimal input use, while all
other countries scored below 1 (Figure 1A). The lowest
efficiency scores under current conditions were observed in
India (0.18), Iran (0.25), Dominican Republic (0.34), Guyana
(0.35), Brazil (0.37) and Burundi. These results highlight
sub-optimal fertilizer use relative to yield performance.
Results from the GYGA were used to determine the optimal
level of fertilizer application required to achieve 50% of Yw.
As shown in Figure 1B, only seven countries including
Ireland, Sweden, Botswana, Cameroon, Guyana, Guernsey
and the Netherlands achieved full efficiency (score = 1),
while all other rainfed wheat producing countries (out of 122
evaluated) scored lower. The lowest efficiency scores in this
scenario were recorded in Mongolia (0.65), the Canary
Islands (0.66), South Africa (0.67), Iraq (0.68), Ecuador and
Syria. As the yield target increased to 70% and 80% of Yw,
efficiencies improved in all countries (Figure 1C, D). The
highest efficiencies were observed in Ireland, China,
Sweden, Eritrea, Ukraine and the Netherlands, probably due
to their high Yw values. Conversely, the lowest efficiencies
in these scenarios - ranging from 0.71 to 0.77 - were
associated with Portugal, Greece, Afghanistan, Kazakhstan
and Syria.

B.  Optimal N application

The findings from Figure 2 illustrate nitrogen (N)
application rates across various countries, comparing actual
or estimated values with optimal values derived from DEA
under different scenarios. Under current conditions (Figure
2A), N application reaches its highest levels, averaging 427
kg/ha in Montenegro, 337 kg/ha in Belgium, 314 kg/ha in
Ireland, 312 kg/ha in the Netherlands, and 274 kg/ha in
China. In contrast, the lowest N fertilizer application rates—
averaging 17, 26, 38, 39, 40, 45, and 52 kg/ha—are observed
in Tanzania, Tunisia, Ethiopia, Morocco, Kenya, Australia,
and Moldova, respectively. These figures, calculated using
actual yield (Ya) as the DEA output, have been optimized
and reduced, reflecting adjustments in N input based on

output. For example, in Montenegro, where the actual yield
is 3.09 t/ha with an N application of 427 kg/ha, optimization
lowers this to 132.00 kg/ha. In Belgium and Ireland,
however, with actual yields of 8.52 t/ha and 8.73 t/ha,
respectively, the optimized N application aligns with the
actual rates. For the 50%Yw target, the estimated N
application is 85 kg/ha, while the optimal value for achieving
this target is slightly lower at 81.11 kg/ha. In countries with
the lowest N application under current conditions, as
depicted in Figures 2B and B1, the estimated N value based
on GYGA results is 46.4 kg/ha, with an optimal value of
36.17 kg/ha for 50%Yw. Comparable patterns emerge for the
70%Yw and 80%Yw targets (Figures 2C, C1, D, and D1).

Efficiency Current (A)

Figure 1. Results of DEA for efficiency values in current conditions (A),
Minimum N and P input requirements for achieving target yields of 50%
(B), 70% (C), and 80% (D) of Yw based on map and number of efficient
and inefficient countries.

Detailed values and further data are provided in the
supplementary Excel file across various conditions and
scenarios. A key insight from these results is the significant
gap between the highest N application under current
conditions (427 kg/ha) and the amount required to achieve
80%Yw, which is only 250 kg/ha. This indicates that current
N application rates for rainfed wheat production often exceed
what is necessary to reach 80%Yw.
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Figure 2. The results of N application levels in both actual and optimal values, derived from DEA analysis across various scenarios. These scenarios
encompass current conditions (A and A1), minimum N input requirements, and the optimal necessary to attain target yields of 50%Yw (B and B1), 70%Yw

(Cand Cl1), and 80%Yw (D and D1) in rainfed wheat.

C. Optimal P application

The extended GYGA results and DEA for actual or
estimated and optimal P fertilizer application in rainfed
wheat production are detailed in Figure 3, covering current
conditions and scenarios targeting 50%, 70%, and 80% yield

water-limited potential (Yw). These findings reveal that P
application under current conditions often exceeds the levels
needed to achieve 70% and 80%Yw. In the current scenario,
the highest P application rates are observed in China at 58
kg/ha, Ireland at 45 kg/ha, Montenegro at 41 kg/ha, and the
Netherlands at 31 kg/ha. However, DEA-optimized target
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values for these countries, identified as having the highest P
applications, decrease to 16.8 kg/ha, 45 kg/ha, 15.71 kg/ha,
and 30 kg/ha, respectively (Figures 3A and Al). Ireland and
the Netherlands show no change in their optimal P values
due to their high Ya. Meanwhile, the lowest P inputs
averaging 1, 2, 3, 3, and 3 kg/ha are recorded in Tanzania,
Tunisia, Ethiopia, Ukraine, and Cameroon, respectively.

In the 50%Yw scenario (Figures 3B and B1), estimated P
requirements based on GYGA and DEA range from 3.3 to
25 kg/ha. The highest values averaging 25.5, 25, 24.8, 24.4,
and 21.3 kg/ha are linked to Ireland, the Netherlands, the
United Kingdom, Belgium, and Liechtenstein, respectively,
with optimal P requirements matching these estimates due to
their higher Yw compared to other countries. Conversely, the
lowest P requirements averaging 3.4, 4.84, 5.1, 5.7, and 7.4
kg/ha are observed in Guyana, Cameroon, Iran, Morocco,
and Jordan, respectively. Notably, in China, P application
decreases under both estimated and DEA predictions,
reflecting its relatively lower Yw. For the 70%Yw scenario
(Figures 3C and C1), the highest P requirements averaging
35.7, 34.9, 34.7, 34.1, and 29.19 kg/ha are associated with
Ireland, the Netherlands, the United Kingdom, Belgium, and
Liechtenstein, respectively, with optimal P values aligning
with these estimates due to their superior Yw. The lowest P
requirements averaging 7.1, 7.10, 8, 9.53, and 10.4 kg/ha are
found in Iran, Guyana, Morocco, Cameroon, and Jordan,
respectively, with optimal values remaining unchanged due
to their lower Yw. In the 80%Yw scenario (Figures 3D and
D1), the highest P requirements averaging 40.8, 39.9, 39.7,
39.1, and 33.40 kg/ha are again linked to Ireland, the
Netherlands, the United Kingdom, Belgium, and
Liechtenstein, with optimal P values consistent with these
estimates due to their high Yw. The lowest P requirements
averaging 7.8, 8.2, 9.1, 12.3, 12.5, 10.80, and 11.8 kg/ha are
recorded in Guyana, Iran, Morocco, Tunisia, Australia,
Cameroon, and Jordan, respectively, with optimal P values
unchanged due to their lower Yw. A brief review of the
maps highlights that, under current conditions, P fertilizer
application frequently surpasses the amounts needed to
achieve 70% and 80%Yw, underscoring potential
inefficiencies in current practices.

IV. DISCUSSION

A. Optimum N and P application and efficiency

DEA serves as a methodology for evaluating the
efficiency of DMUs undertaking similar tasks within a
production framework that utilizes multiple inputs to
generate multiple outputs [23]. Over time, several DEA
models have emerged, including the Charnes, Cooper, and
Rhodes (CCR) model, the Banker, Charnes, and Cooper
(BCC) model, and the Free Disposal Hull (FDH) model,
which are recognized as fundamental DEA models for
evaluating the efficiency of decision-making units [24].

In this study, the CCR model was utilized. The findings
from Figures 2 and 3 provide insights into the use of N and P
fertilizers in rainfed wheat farming across various countries.
It highlights the current (estimated for target Yw) and
optimized values obtained from DEA under different

scenarios. Optimizing N and P fertilizers based on DEA
output (Ya) suggests the adjustment of input levels to
achieve target yields more efficiently. As a result, countries
like Montenegro, which have excessively high N fertilizer
application rates in the current condition, show significant
reductions in optimized values to align with yield targets
more effectively. Conversely, countries like Belgium and
Ireland, with already high actual yields, show optimized N
application values that match current practices. As indicated
in Figures 2A and 2B, there is a positive and direct
correlation between N and P application, which is reported
by GYGA and extended for other areas, and Yw at different
levels. Also, there are several reports about direct and
positive relationships between N and P fertilizer applications
with maize yield [25], groundnut [26], barley [27], and wheat
[28][29]. The results also highlight the importance of
optimizing fertilizer application strategies to maximize crop
yield while minimizing input costs and environmental
impact. Another output because of DEA is the efficiency
value in different DMUs (countries and climate zones in
each country). DEA analysis revealed disparities in fertilizer
efficiency among different nations. Countries such as
Sweden, Ukraine, Ireland, Finland, and Belgium exhibited
the highest efficiency, with a value of 1, indicating optimal
use of N and P fertilizers to achieve target yields.
Conversely, countries like India, Iran, the Dominican
Republic, Guyana, Brazil, and Burundi showed lower
efficiency, suggesting suboptimal utilization of fertilizers
relative to their yield potential. This comparison helps to
delineate the optimal N and P fertilizer application rates
based on yield values, thereby assisting in refining fertilizer
management practices for rainfed wheat production systems.

Furthermore, the evaluation of N and P requirements to
achieve target yields of 50%, 70%, and 80% of Yw (actual
yield) using GYGA results sheds light on the efficiency of
fertilizer utilization across different countries. The analysis
revealed varying levels of efficiency, with only a few
countries achieving an efficiency of 1, indicating optimal
fertilizer use, while others exhibited lower efficiency scores.
Moreover, as the target yield percentage increased from 50%
to 80% of Yw, the efficiency of fertilizer application
generally improved across all countries. Countries with
higher actual yields tended to demonstrate higher efficiency
in fertilizer utilization compared to those with lower yields.
This underscores the importance of considering yield
potential when determining optimal fertilizer application
rates.

It is possible to increase yield or reduce fertilizer usage
by cultivating rainfed wheat in suitable climate zones and
limiting cultivation in unsuitable areas [30]. In addition,
inside of our results, which defined the suitable climate zone
based on efficiency in each country in Figure 1, several
fertilizer management techniques have been reported by
other studies that can help reduce the amount of fertilizer
used while increasing its efficiency. It was reported that
optimal nitrogen and phosphorus use efficiency is influenced
by a range of management factors beyond fertilizer rates
[31]. For example, optimal irrigation scheduling (two irriga-
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Figure 3. The results of P application levels in both actual and optimal values, derived from DEA analysis across various scenarios. These scenarios
encompass current conditions (A and A1), minimum P input requirements, and the optimal necessary to attain target yields of 50% Yw (B and B1), 70% Yw

(C and C1), and 80% Yw (D and D1) in rainfed wheat.

tions of 60 mm at stem elongation and flowering) combined
with moderate nitrogen rates significantly improves Nitrogen
Use Efficiency (NUE) and yield while reducing nitrate
accumulation [32]. Long-term manure application, especially
when combined with chemical fertilizers, increases soil
organic matter and enhances both NUE and crop yields [33].

Retaining crop residues in the field can increase phosphorus
use efficiency by over 35%, with additional benefits from
factors such as fertilizer type, application method, duration,
and climate [34]. Reduced tillage and residue retention
further increase soil organic carbon, available phosphorus,
and biological activity, supporting better nutrient use [35].
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Partial substitution of chemical phosphorus fertilizer with
organic manure also significantly increases phosphorus
fertilizer efficiency and crop yield [36]. Overall, practices
such as optimizing planting date, irrigation, residue retention,
increasing soil organic matter, and integrating organic
amendments with mineral fertilizers, along with adapting to
local climate and soil conditions, are all crucial for
improving nitrogen and phosphorus use efficiency. In
addition, various fertilizer management approaches,
including Enhanced Efficient Fertilizers (EEFs), Integrated
Nutrient Management (INM), and split N application, offer
potential solutions to enhance NUE and reduce losses
[31][37]. It seems that for P fertilizer, the issue lies not in
excessive application but rather in the timing of its
application, particularly during seed planting. Implementing
strategies that involve drawing application during seed
planting time appears to be the most effective approach for
increasing Phosphorus Use Efficiency (PUE) while
minimizing surplus application [38]. By focusing on the
timing of P fertilizer application, agricultural practices can
optimize the utilization of this essential nutrient, ensuring
that it is available to the crop when needed most, particularly
during critical growth stages like germination and early
seedling establishment [39]. This targeted approach helps
enhance PUE by maximizing the uptake and utilization of
phosphorus by the crops while minimizing wastage or excess
application that may contribute to environmental concerns.
Implementing precise application techniques, such as placing
P fertilizer directly in the seed zone during planting, allows
for more efficient utilization of the nutrient by the emerging
seedlings [40].

V. CONCLUSION AND FUTURE WORK

This study aimed to assess the efficiency of N and P
fertilizer use in rainfed wheat production across 122
countries, targeting optimal application rates for 50%, 70%,
and 80% of Yw while minimizing environmental impacts.
We used an expanded GYGA dataset, extended globally via
stepwise regression, and applied DEA with the CCR model.
Inputs included annual precipitation and N and P
applications, with outputs covering crop yield, production,
water productivity, and nutrient use efficiencies. Results
showed significant efficiency differences, with countries like
Sweden, Ukraine, Ireland, Finland, and Belgium achieving
full efficiency (1.0), while others, such as India and Iran,
scored 0.18-0.37 under current conditions. Optimized N and
P rates were often lower, e.g., Montenegro’s N use dropped
from 427 kg/ha to 132 kg/ha for actual yield optimization.
Efficiency improved with higher yield targets, and climate
zone analysis identified efficient production regions,
providing insights for enhancing global rainfed wheat
productivity and sustainability.
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