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Abstract: The aim of this study is to construct and validate an expert system to predict
the adaptation of irrigation technologies, water-saving strategies, and monitoring tools by
small-scale farmers in Egypt. The research investigates the impact of economic, educational,
environmental, and social factors on adaptation rates. To build the expert system, extensive
knowledge was collected from experts, key concepts were identified, and production
rules were created to generate tailored scenarios. These scenarios utilize the empirical
cumulative distribution function (ECDF), selecting the scenario with the highest ECDF
as the optimal irrigation technology. This approach ensures well-informed, data-driven
decisions that are tailored to specific conditions. The expert system was evaluated under the
conditions of ten small farms in Egypt. The results indicate that water cost and availability
are significant drivers of technology adaptation. Specifically, subsurface drip irrigation
(SDI) demonstrated an adaptation percentage of 75% at high water costs, with probabilities
of 0.67 and 0.33, while soil mulching (SM) showed a 75% adaptation rate with a probability
of 0.33 in high-cost scenarios. Conversely, when water availability was high, the adaptation
percentage for all techniques was zero, but it reached 100% adaptation with a probability
of 0.76 for SM and SDI and a probability of 1 for variable number of drippers (VND) and
the use of sensors as monitoring tools during water shortages. Educational attainment and
professional networks enhance the adaptation of advanced technologies and monitoring
tools, emphasizing the role of knowledge and community engagement. Environmental
conditions, including soil texture and salinity levels, directly affect the choice of irrigation
methods and water-saving practices, highlighting the need for localized solutions. The
source of irrigation water, whether groundwater or surface water, influences the preference
for water-saving technologies. The study underscores the importance of tailored approaches
to address the challenges and opportunities faced by small farmers in Egypt, promoting
sustainable agriculture and efficient water management. The evaluation findings reveal
that SDI is the most favored irrigation technology, with a probability of 0.55, followed by
variable number of drippers (VND) at 0.38 and ultralow drip irrigation (ULDI) at 0.07 across
various scenarios for small farmers. Regulated deficit irrigation (RDI) and SM are equally
preferred water-saving strategies, each with a probability of 0.50. Sensors emerged as the
preferred monitoring tool, boasting a high probability of 0.94. The analysis reveals the
critical roles of economic pressures, educational levels, environmental conditions, and
social networks in shaping the adaptation of sustainable agricultural practices.

Keywords: benchmarking; irrigation technologies; small-scale farmers; water-saving
strategies; monitoring tools
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1. Introduction

The adaptation of new irrigation techniques is usually refused by farmers for many
reasons, such as the complexity, the cost, and less expertise of this new technique and other
elements related to the social and economic. The providers utilize a measure of profitability
as the key whole-farm performance indicator [1].

Benchmarking can be the best selection for determining the best irrigation techniques,
water-saving strategies, and monitoring tools. Benchmark is defined as a standard against
which something can be assessed or measured [2,3]. Benchmarking for irrigation solutions
is crucial in order to evaluate the effectiveness and efficiency of new irrigation technologies
and practices [4,5].

Additionally, benchmarking allows for the identification of best practices and areas
for improvement, ultimately leading to sustainable and impactful irrigation solutions [4,6].

The scarcity of water in Egypt is constantly increasing; the current annual amount
of water is not sufficient to meet the needs of the growing population and expanding
agricultural and industrial sectors. The river Nile, which is the primary source of water
for Egypt, is under immense pressure due to factors such as climate change and inefficient
water management practices [7-10].

The adaptation of new irrigation techniques is crucial for improving crop yield and
water efficiency in agriculture, especially in regions with limited water resources like
Egypt [11,12]. In recent years, there has been a growing emphasis on sustainable and
efficient irrigation methods to address water scarcity and maximize agricultural produc-
tivity [13-15]. Ref. [14] reported that benchmarking aims to analyze the effectiveness of
various irrigation techniques and their potential for adaptation in agricultural practices.
By evaluating different methods and their impact on crop yield, water usage, and environ-
mental sustainability, this report will provide valuable insights for farmers and agricultural
stakeholders seeking to enhance their irrigation practices [16].

The social and economic elements that affect the adaptation of new irrigation tech-
nologies have not yet been studied. Many researchers and decision makers take into
consideration the technical elements related to technology, and few others consider the
social elements of the adaptation of new irrigation solutions [17]. Also, some consider it a
valuable tool that has proven itself in the business and commercial sector [4]. Benchmarking
in irrigation is a more complex task than in many other sectors [4].

The analysis of so many factors or benchmarks requires approbative methods or tools.
An expert system is a computer program or information system, and one of the most
applicable artificial intelligence (Al) programs could do this carefully [18-20].

Currently, there is a gap between scientific knowledge and irrigation practices used by
the small farmers that should be addressed to conciliate the feasibility of agribusiness by
optimizing water use. Benchmarking has been proposed as a tool to drive performance
improvement in the irrigation and drainage sector [21]. This study, which will focus on
small farmers, is conceived primarily as a technology adaptation and technology transfer,
where established know-how, with some further development of low-cost devices and
refinements of water-saving practices, will be translated into an easy language for the end
users in order to guarantee its final use by small farmers.

2. Materials and Methods

Irrigation Techniques, Water-Saving Strategies, and Monitoring Tools.

There are many irrigation techniques; we selected the three most common techniques:
variable number of drippers (VND), ultralow-drip irrigation (ULDI), and subsurface drip
irrigation (SDI). Two water-saving strategies were selected: soil mulching (SM) and regu-
lated deficit irrigation (RDI). RDI is an irrigation strategy that involves adopting a moderate
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reduction in irrigation water only when the crop is less sensitive to water stress (phenologi-
cal phases). Three soil water content monitoring tools were used: meteorological weather
station (MTS), sensors, and thermal images.

Benchmarking for selecting the appropriate irrigation solution.

Selecting the appropriate irrigation technologies and practices in the current state
and in simulated scenarios. The benchmarking elements of selecting the appropriate
new irrigation solutions are determined and selected from the main technical, social, and
economic elements. The benchmarking that was used in this study is listed as follows:

e  Farm area: this study was interested in small farms < 2 ha.

e Region: the study was one only in Egypt.

e Joining a professional organization: its values were yes (if farmer joining a professional
organization) or no.

e  Crop has two properties: (1) crop type: two different crops olive and citrus have been
selected; (2) the mean income of growing the crop.

e  Profit/cost has two properties: (1) cost of water, its values low, medium, and high;
(2) cost of technology or practice, its values low, medium, and high.

e  People have three properties: (1) awareness of farmer by technology or practice, its
values low, medium, and high: (2) irrigation expertise in managing farms, its values
low, medium, and high; (3) instruction level, its values: none—primary—secondary—
baccalaureate—university and other.

e  Soil has only one property: soil texture, its values light, medium, and clay.

e Irrigation water has four properties: (1) sources, its values groundwater—surface
water—alternative water sources (i.e., wastewater, salt water); (2) salinity level: low,
moderate, and high; (3) irrigation water availability, its values available, medium, and
shortage; (4) irrigation system type its values surface irrigation and drip irrigation.

e The social, environmental, and economic factors that most influence the selection of
appropriate irrigation strategies have been quantified and scaled from 0 to 1, with the
scale divided into five values (0, 0.25, 0.50, 0.75, and 1). A value of zero indicates that
the probability of adopting a particular technique or strategy is zero, while a value
of 1 indicates the highest probability of adaptation, meaning that 100% of farmers
would adopt this technique or strategy. These benchmarking factors were utilized
to design questionnaires, which were then administered to three Egyptian experts in
water management to gather their insights. These benchmarking factors were used to
create questionnaire forms, which were utilized to ask and gather information from
three Egyptian experts in water management.

2.1. Building the Expert System

The selected elements have been analyzed by using expert system techniques.

An expert system was built to support the decision maker or farmers by the sound de-
cision for selecting the best scenario for irrigation technology, water saving, and monitoring
or observation methods (Figure 1).
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Knowledge

nse User Know

1 Rules
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Figure 1. The expert system components.
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An expert system (ES) is a computer program designed to emulate the logic and
reasoning process that an expert would use to solve a problem in their field of expertise by
using artificial intelligence technology [22]. It performs many functions as an expert does,
such as posing relevant questions and explaining its reasoning process.

The stages of building the ES: identification of the problem, conceptualization, for-
malization, implementation, verification and validation, and evaluation of ES, as shown in
Figure 2. This methodology represents an attempt by experienced knowledge engineers to
characterize the complex process that takes place during the development process. Also,
these stages are highly interrelated and interdependent (Figure 2).

> «
Coecting Data

Buang Rues

Figure 2. Flowchart for the process of building and evaluation of the expert system.
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2.1.1. Identification of the Problem

The problem that the expert system will solve is to select the best irrigation
technology, water-saving strategy, and monitoring or observation tool or method for
irrigation management.

2.1.2. Conceptualization

In this stage, the most important criteria or concepts are selected that affect the selection
of the best scenario for water management from many meetings with the farmers and non-
farmers to get the main concept and knowledge that are used for building ES. The main
concepts are farm; region joining a professional organization; crop; and people; they are
shown in Table 1 and its properties, values, and type of values.

Table 1. The concepts or benchmarking measures for the adaptation of new irrigation solutions.

: Type
Concepts/Factors Properties Value of Value
Economic Factors
Water Cost of water Low, medium, and high String (text)
Water Irrigation water availability Available, medium, and shortage String (text)
Cost Income of small farm Low, medium, and high String (text)
Cost Cost of technology or practice Low, medium, and high String (text)
Educational and Social Factors
Pepole Instruction level/level of education ]:I?L Zﬁggg;;::sz;?\ezzgf;ro};h_er String (text)
Pepole Joining a professional organization = Yes—no Boolean
Pepole Awareness of farmer Low, medium, and high String (text)
Pepole Irr1gat19n expertise In Low, medium, and high String (text)
managing farms
Environmental Factors
Soil Soil texture characteristics Light, medium, and clay String (text)
Water Salinity level Low, moderate, and high String (text)
Groundwater—surface
Water Sources water—alternative water sources String (text)
(i.e., wastewater, salt water

Water Irrigation system type Surface irrigation, drip irrigation String (text)
Crop Type Citrus and olive String (text)
Farm Area 0-2 ha Constant
Region Egypt String (text)

2.1.3. Formalization

Formulation involves characterizing the variables, the key factors, and qualifiers
for irrigation management under diverse farm situations and conditions. Therefore, this
procedure involves the representation of the variables, key factors, and qualifiers into
the production rules that make it usable within the development environment of the
construction of the expert system rule-based program. The easiest and best way to represent
knowledge and data analysis is the development of knowledge and data as rules.

Probability of selecting the best irrigation practice.

The method for estimating the probability of selecting the best irrigation practice based
on expert opinions:

Expert Input: Gather opinions from a panel of experts regarding different irrigation
practices, including technologies, water-saving strategies, and monitoring tools.
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Probability Determination: Calculate the probability of each scenario being the best
option by considering the distribution of expert opinions. This is carried out by dividing 1
by the number of unique opinions provided by the experts.

Empirical Cumulative Distribution Function (ECDF): For each factor or concept (e.g., a
specific irrigation technology), construct an ECDF, denoted as S, (x), using the follow-
ing rule:

0, x <x(
Sn(X): %, X(k) SX<X(k+1),k:1,2, ...... N (1)
1 , X > X (n)

e  Ifxisless than the smallest observed value x(;), then S, (x) = 0.

e  For values of x between the k and (k + 1) ordered observations, S, (x) = %, where 1 is
the total number of observations (in this case, the number of experts).

e If xis greater than or equal to the largest observed value x(;, then S, (x) = 1

Averaging Probabilities: Compute the average probability for each factor or concept
by summing the individual probabilities S; (x) and dividing by the total number of factors
nf, denoted as Sgp.(x):

Swo.(x) =Y Si(x)/nf @

Selection Criteria: The best irrigation practice for each category (technology, water-
saving strategy, monitoring tool) is identified as the one with the highest average probability
Sav.(x). To encompass all possible scenario conditions, 191,318,760 roles were built.

Implementation and verifying and validation.

After completing building the expert system, the next stage is to test and compare the
predicted values of the expert system with the actual values. The program runs 100 times
for different 10 small farmers situations. Figure 3 shows the input of information, which
plays a key role in the modeling and optimization of technologies.

Input factors
probability

Output result Best senarios

Figure 3. The user interface and output of the expert system.

3. Results

3.1. Economic Factors
3.1.1. Water Cost

The results showed the effects of water cost on the selection of the best irrigation
scenarios of irrigation technologies, water-saving strategies, and monitoring tools, as
shown in Figure 4.

The results showed that if the cost of water ranged from low to medium, the adaptation
of irrigation technology and monitoring tools did not increase by 50%. With the increase in
water cost, the adaptation percentage reached 75%, and the best probability was 0.33 for
VND and SDI; the best probability for water-saving strategies and monitoring tools was
0.67 for soil mulching and soil sensors.
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Figure 4. The probability values of irrigation technology, water-saving strategies, and monitoring
tools under water cost concept.

3.1.2. Water Availability

The impact of water availability on small farmers’ choices regarding irrigation tech-
nologies, water-saving strategies, and monitoring tools is illustrated in Figure 5.

B ULDI ® Variable number of drippers ® m SDI B RD| B Soil mulch m MTS B Sensors B Thermal image
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Figure 5. The probability values of irrigation technology, water-saving strategies, and monitoring
tools under water availability concept.

When water was plentiful, the rate at which irrigation technologies was adopted
did not surpass 50%. However, as water availability decreased to a medium level, the
adaptation rate climbed to 75%. In situations of even greater water scarcity, the adaptation
rate peaked at 100%.

The likelihood of adopting variable number of drippers (VND) technology was great-
est, with probabilities of 0.67 and 1, under conditions of medium and low water availability,
respectively. Similarly, soil mulching showed high adaptation probabilities of 1 and 0.67,
corresponding to 75% and 100% adaptation rates under medium and low water availabil-
ity, respectively.



Water 2025, 17,137

8 of 20

In terms of monitoring tools, sensors were the most preferred, with adaptation proba-
bilities of 0.67 and 1 under medium and low water availability, respectively.

3.2. Educational and Social Factors
3.2.1. Instruction Level

The probability and adaptation percentage of different scenarios of irrigation technolo-
gies, water-saving, and monitoring tools are shown in Figure 6.

EULDI mVND ®SDI ®RDI m®Soil mulch ®MTS ®Sensors B Thermalimage
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Figure 6. The probability values of irrigation technology, water-saving, and monitoring tools under
instruction level concept.

With the increase in the instruction level from none to university, the probability and
adaptation of the different scenarios increased. The adaptation percentage did not increase
more than 50% from one to primary level. At the secondary level, the probability arrived at
75% by probability 0.33 for SDI and soil mulching. At the university level, the adaptation
percentage reached 100% by probability 0.33 for SDI and soil mulching also.

3.2.2. Joining a Professional Organization

The probability of the selection and the percentage of adaptation of irrigation technolo-
gies, water-saving strategies, and monitoring tools under two situations (when a farmer is
joining a professional organization or not) are shown in Figure 7.

mULDI mVND SDI RDI ®Soil mulch B MTS ®Sensors B Thermalimage
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Adaptation percnetage % / joining profetional orgnization

Figure 7. The probability values of irrigation technology, water-saving strategies, and monitoring
tools under joining a professional organization concept or not.
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The results show the effects of two situations: the first is the farmer joining a profes-
sional organization, and the second is the farmer not joining.

The probability of selecting the irrigation technologies, water-saving strategies, and
monitoring tools ranges from 0.33 to 1, and the adaptation percentage ranges from 0%
to 100%.

The results showed that the highest probability with high adaptation (100%) of irriga-
tion technology was 0.67 and 0.33 for SDI under two situations, respectively. ULDI has a
low opportunity of adaptation by probability 0.67 at the second situation.

The opportunity of selecting one of two water-saving strategies (RDI and soil
mulching) was equal in many instances. The prediction was in favor of soil mulching
at adaptation percentage 75%, and the highest probability of selecting the best water-saving
strategy was 0.67 in the second situation.

Soil sensors were the best selection by probability 0.67 and 0.33 for two situations,
respectively.

3.2.3. Awareness of Small Farmers by the Techniques

The results of the effect of awareness of small farmers by the different irrigation
techniques (irrigation technology, water-saving strategies, and monitoring tools) are being
clarified in Figure 8.

B ULDI ®VND mSDI RDI ®Soil mulch ®MTS ®Sensors M Thermalimage
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Figure 8. The probability values of irrigation technology, water-saving strategies, and monitoring
tools under awareness of farmers by the irrigation technologies concept.

The results showed the fact that the increase in awareness by using technology will
increase the probability and adaptation percentage. If the awareness of farmers is low, the
adaptation percentage does not increase to more than 25% for all techniques except the use
of soil sensors in monitoring the soil water content, which will reach 50% by probability
0.33. With the increase in the awareness of farmers, the adaptation reached 75% and 100%
for medium and high, awareness respectively, by probability 0.33 for soil mulching as the
best water-saving strategy and soil sensors as the best monitoring tools.

3.2.4. Expertise of Small Farmers of Irrigation Management

The relationship among the expertise of farmers and the probability of the adaptation
of the different techniques is shown in Figure 9.
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Figure 9. The probability values of irrigation technology, water-saving strategies, and monitoring
tools under expertise of small farmers of irrigation management concept.

The results showed that the adaptation percentage and probability increased according
to the expertise of farmers. The adaptation percentage did not increase by more than 50% as
the probability was 0.33 for RDI and soil mulching under low and medium expertise. When
the expertise arrived at high expertise, the change in adaptation percentage and probability
reached 75% and 100% by 0.33 probability for RDI and soil mulching, respectively.

3.3. Environmental Factors
3.3.1. Soil Texture

The soil texture affected the selection of the best scenarios as shown in Figure 10.
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Figure 10. The probability values of irrigation technology, water-saving strategies, and monitoring
tools under soil texture concept.

The results showed that the best predicted scenario in light soil was the use of ULDI
or SDI for irrigation technology, soil mulching for water saving, and sensors for monitoring
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soil water content at adaptation percentage 100% and probability 0.33. In medium soil
texture, the best scenario was the use of VND or SDI at adaptation 75% and probability
1 and 0.67, respectively; also, the use of soil mulching and soil sensors at adaptation and
probability 100% and 75% at 0.33 and 0.67, respectively. The best predicted scenario in clay
soil was using VND, RD], or soil mulching and sensors at adaptation percentages 100%,
75%, and 75% by probability 0.67, 0.33, and 0.33, respectively.

3.3.2. Salinity Level

The effects of water salinity level on the selection of the best scenarios are shown
in Figure 11.

EVND mSDI RDI ®Soil mulch ®MTS ®Sensors M Thermalimage
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Figure 11. The probability values of irrigation technology, water-saving strategies, and monitoring

tools under salinity level concept.

With the increase in water salinity, the adaptation and probability decreased. The max-
imum value of adaptation percentage with irrigation technologies was 75% and probability
1,0.33, and 1 for VND, SDI, or VND and SDI at low, moderate, and high salinity levels,
respectively. The maximum values of probability for selecting water-saving strategies were
1, 0.33, and 0.33 for RD], soil mulching, and soil mulching at low, moderate, and high
salinity levels, respectively. Monitoring tools have been recommended when the level of
water salinity reaches moderate and increased to a high level, the probability 0.33 and
adaptation percentage 75% and 100%, respectively.

3.3.3. Source of Water

The source of water effects on the probability and adaptation of the best scenarios is
shown in Figure 12.

The best predicted scenarios when the source of water was groundwater were VND,
soil mulching, and sensors for monitoring the soil water content at adaptation percentage
50% and probability 0.33. Under surface water, the best scenarios were VND, soil mulching,
and sensors at adaptation percentage 50% and probability 1, 1, and 0.33, respectively.
Alternative sources of water direct the ability of water in the direction of not selecting any
irrigation technology and water-saving strategies, but it recommended using sensors for
monitoring soil water content by adaptation percentage 50% and probability 0.33.
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Figure 12. The probability values of irrigation technology, water-saving strategies, and monitoring
tools under source of water concept.

3.3.4. Irrigation System

The findings depicted in Figure 13 illustrate the impact of irrigation system types on
the adaptation of various irrigation technologies. The drip irrigation system emerged as
the most favored, surpassing surface irrigation in terms of adaptation rates. Specifically,
drip irrigation exhibited a higher likelihood of being adopted, with a probability of 1,
compared to surface irrigation, which had a probability of 0.33. Neither system exceeded
a 75% adaptation rate. Within the category of drip irrigation, variable number of dripper
(VND) and subsurface drip irrigation (SDI) stood out as the most effective technologies,
both showing a 100% probability of selection and a 75% adaptation rate. Furthermore,
soil mulching was identified as the most effective water-saving strategy for both drip and
surface irrigation systems, with an adaptation rate of 75% and probabilities of 1 for drip
irrigation and 0.33 for surface irrigation.

ULDI mVND mSDI mRDI ®Soilmulch ®mMTS Sensors M Thermal image
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Figure 13. The probability values of irrigation technology, water-saving strategies, and monitoring
tools under irrigation system concept.

3.3.5. Crop Type

Two crop types (citrus and olive) have been selected to check the effect of crop type.
The results have been clarified in Figure 14.

The results showed that the selection among the different irrigation techniques was
direct to ULDI and SDI for citrus and olive, while VND. The soil mulching has probability 1
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at adaptation percentage 75% and 50% in the first and second situations. The meteorological
station (MTS) and soil sensors were the best selection for monitoring the water in the soil
by probability 0.33 at 50% adaptation percentage in the two situations.

EULDI ®mVND mSDI RDI ®Soil mulch EMTS M Sensors M Thermalimage
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Propability

0% 25% 50% 75% 100% | 0% 25% 50% 75% 100%

Citrus Olive
Adaptation percentage % / crop type

Figure 14. The probability values of irrigation technology, water-saving strategies, and monitoring
tools under crop type concept.

3.3.6. Farm Area

Farm area in this study is the small farms, which area < 2 ha. The values of the
probability were equal, which means it is not effective in the selection of the best scenario
as shown in Table 2.

Table 2. The probability table of irrigation technology, water-saving strategies, and monitoring tools
under farm concept.

Water-Saving

Irrigation Technologies Monitoring Tools

Strategies
C t Val =
oncep alue g é % @ § E ? =
O = 2 g
= (o} = » 2 3
Farm/Area 0-2ha 1/3 1/3 1/3 1/2 1/2 1/3 1/3 1/3

Note(s): Where VND = variable number of drippers, SM = soil mulch, MTS = metrological station, and
Thermal = thermal image.

3.3.7. Region

The region is one of the affected elements for selecting the best scenario, but in this
study, it is concentrated in Egypt only as a case study, and all experts were Egyptians. The
values of probability for the region were also equal and had no effect on the selection of the
scenarios as shown in Table 3.

Implementation and verifying and validation.

After completing the construction of the expert system, the subsequent phase involves
testing and comparing the predicted values generated by the expert system with the actual
values. The program was run one hundred times for ten different small farmer conditions,
and the input and outcomes of the model are presented in Table 4.
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Table 3. The probability values table of irrigation technology, water-saving strategies, and monitoring
tools under region concept.

Percentage of

Water-Saving

Irrigation Technologies Monitoring Tools

Adaptation (%) Strategies

Concept  Value < »n =

P S Z o = 2 5 z

S s =2 g = 3 2 5
Region  Egypt 0 1 0 0 0 0 1 1/3 2/3
25% 0 1 0 0 0 0 0 1/3

50% 0 0 1/3 2/3 0 0 2/3 0

75% 0 0 2/3 1/3 1 0 0 0

100% 0 0 0 0 0 0 0 0

Table 4 reveals significant insights into the average probabilities associated with dis-
tinct categories such as irrigation technologies, water-saving strategies, and monitoring
tools. Subsurface drip irrigation (SDI) emerges as the most favored irrigation technol-
ogy with a substantial probability of 0.55, surpassing variable number of drippers (VIND)
at 0.38 and ultralow drip irrigation (ULDI) at 0.07, leading to an average probability of
(0.33 £ 0.203) for irrigation technologies. In the realm of water-saving strategies, both
regulated deficit irrigation (RDI) and soil mulching (SM) shine with an equally strong prob-
ability of 0.50 each, culminating in an average probability of 0.50 for this category. Among
monitoring tools, sensors notably stand out with a high probability of 0.94, contrasting with
meteorological station (MST) at 0.06 and thermal imaging at 0.00, resulting in an average
probability of (0.33 & 0.38). These findings highlight the varying levels of preference or
efficacy within each category, underscoring the prominence of SDI, sensors, and RDI as
favored choices in their respective domains.

Exploring the nuances and potential underlying reasons for the observed probabilities
of adopting different irrigation technologies, water-saving strategies, and monitoring tools
among small farmers in Egypt. This analysis will consider the interplay between various
factors, including economic, educational, environmental, and social aspects, to offer a more
comprehensive understanding of the dynamics at play.

Detailed analysis of factors influencing adaptation rates.

3.3.8. Economic Factors

o  Water Cost: The table indicates that farmers facing high water costs (Cases 3, 7, 8)
are more likely to adopt water-saving irrigation technologies such as SDI and ULDL
This is particularly evident in Case 3, where the high-water cost coincides with a 58%
probability of adopting SDI and a 9% probability of adopting ULDI. This suggests that
economic pressures can drive technological adaptation for cost savings.

e Irrigation Water Availability: The availability of irrigation water also plays a crucial
role. In cases of shortage (Case 3), there is a higher probability of adopting water-
saving strategies like RDI (56%) and SM (44%), indicating that scarcity can be a strong
motivator for adopting conservation measures.
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Table 4. The adaptation percentage of the different irrigation technologies, water-saving strategies, and monitoring tools under different situations of small farmers.

Case Number

Concepts 1 2 3 4 5 6 7 8 9 10
Economic Factors
Water cost Low Low High Medium Medium Medium High High Medium Medium
Irrigation available Medium Medium Shortage Available Medium Medium Medium Medium Available Medium
Educational and Social Factors
Instruction level Primary University Secondary University None Secondary Secondary Secondary None University
Joining a professional NO NO YES NO NO YES NO NO NO YES
organization
Awareness of farmer ULDI Medium Medium Low Low Low Low Low Low Low Low
Awareness of farmer SDI Low Low Medium Low Low Low Medium Medium Medium Medium
Awareness of farmer VND Low Low Low Low Low Low Low Low Low Low
Awareness of farmer RDI High Medium Medium Low Low Low Low Low Low Low
Awareness of farmer SM Medium Medium High Medium Medium Medium Medium Medium Medium Medium
Awareness of farmer MST Medium Low Medium Low Low Low Low Low Low Low
Awareness of farmer Sensors Low Low Low Medium Medium Medium Low Low Low Low
Awareness of farmer Thermal Low Low Low Low Low Low Low Low Low Low
Experts of farmers High Medium High High Medium Medium Medium Medium Low High
Environmental Factors
Soil texture Medium Medium Light Light Light Light clay clay Light Light
Salinity level Low Low Low Low Low Low Low Low Moderate Moderate
Irrigation source Surface Water ~ Surface Water ~ Surface Water ~ Groundwater  Surface Water =~ Surface Water =~ Groundwater ~ Groundwater =~ Groundwater  Surface Water
Irrigation system type drip irrigation
Crop Type Citrus Olive
Region Egypt
Probability of Irrigation Technology
VND 37 33 33 42 43 31 40 49 44 30
SDI 52 60 58 52 48 62 51 45 56 65
ULDI 11 7 9 6 9 7 9 6 0 5
Probability of Water saving
SM 56 55 44 51 59 47 48 38 59 52
RDI 44 45 56 49 41 53 52 62 41 48
Probability of Monitoring Tools
MST 8 5 16 1 1 8 9 5 0 7
Sensors 91 95 84 98 99 92 90 95 100 92
Thermal 1 0 0 1 0 0 1 0 0 1
Actual selection
Irrigation technology VND VND VND SDI SDI SDI VND SDI SDI SDI
Water-saving strategies SM SM SM RDI SM SM SM RDI SM SM
Monitoring tools Other Other Other Sensors Other Other Other Sensors Sensors Other
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3.3.9. Educational and Social Factors

e Instruction Level and Professional Organizations: The data show that farmers with
higher education levels (Cases 2, 10) and those who are members of professional orga-
nizations (Cases 3, 6, 10) have a higher probability of adopting advanced technologies
and monitoring tools. This pattern suggests that education and professional networks
can enhance awareness and access to innovative agricultural practices.

e Awareness and Expertise: Awareness and expertise levels are critical. Farmers with
high awareness of specific technologies (e.g., SDI, RD], sensors) and high expertise
(Cases 1, 3, 4, 10) are more likely to adopt these technologies, indicating that knowledge
and skill are significant determinants of technological adaptation.

3.3.10. Environmental Factors

e  Soil Texture and Salinity: Environmental conditions significantly influence the adapta-
tion of certain practices. For instance, farmers with clay soil (Cases 7, 8) are more likely
to adopt SM as a water-saving strategy, possibly due to the higher water retention
capacity of clay soils requiring more precise moisture management. Similarly, in areas
with moderate salinity levels (Cases 9, 10), there is a higher probability of adopting
RD], suggesting that farmers are adapting their irrigation practices to mitigate the
effects of salinity.

e Irrigation Source: The source of irrigation water (surface water vs. groundwater)
might also influence the adaptation of certain technologies. For example, farmers
using groundwater (Cases 4, 7, 8, 9), which is often more expensive and of variable
quality, might be more inclined to adopt water-saving technologies and monitoring
tools to optimize their use of this resource.

The actual selection of irrigation technologies showed a preference for subsurface
drip irrigation (SDI) at 60% of small farmers who will adopt it under evaluated conditions
(Table 4), compared to 40% for variable number of drippers (VND), whereas the predicted
percentages were 54.4% for SDI and 39% for VND.

For water-saving strategies, the actual selections were significantly different from the
predictions. Soil mulching (SM) was the preferred choice at 80%, followed by regulated
deficit irrigation (RDI) at 20%, whereas the predicted probabilities were 50.9% for SM and
49.1% for RDL

In terms of monitoring tools, the predicted percentages were 5% for metrological
station (MST), 94.1% for sensors, and 0.4% for thermal imaging. However, the actual usage
revealed that 30% of farmers utilized sensors, while the remaining 70% relied on observing
the physical status of plants and soil, which was not accounted for in the predictions.

4. Discussion

The results of this study provide valuable insights into the factors influencing the
adaptation of irrigation technologies, water-saving strategies, and monitoring tools among
small farmers, particularly in the context of Egypt. The findings highlight the complex
interplay between economic, educational, social, and environmental factors in determining
the selection and adaptation of these practices.

4.1. Economic Factors

The study found that water cost and availability significantly impact the adaptation
of irrigation technologies and water-saving strategies. As water costs increase, there is
a corresponding increase in the adaptation of more efficient irrigation technologies such
as variable number of drippers (VND) and subsurface drip irrigation (SDI), as well as
water-saving strategies like soil mulching. Similarly, when water availability decreases, the



Water 2025, 17,137

17 of 20

adaptation rates for these technologies and strategies increase, suggesting that scarcity can
act as a catalyst for change. This indicates that economic incentives and the reality of water
scarcity are powerful drivers for the adaptation of water-efficient practices.

4.2. Educational and Social Factors

Educational level and professional organization membership were also found to
influence the adaptation of irrigation technologies and water-saving practices. Higher edu-
cational levels were associated with increased adaptation rates, suggesting that knowledge
and awareness play a crucial role in the uptake of these practices. Additionally, farmers
who were members of professional organizations were more likely to adopt efficient irriga-
tion technologies and water-saving strategies, indicating the importance of social networks
and information sharing in promoting sustainable agricultural practices.

4.3. Environmental Factors

The study also revealed that environmental factors, such as soil texture and salinity
level, play a critical role in determining the most suitable irrigation technologies and water-
saving strategies. For instance, the type of irrigation technology recommended varied
depending on the soil texture, with VND and SDI being preferred for light and medium
soils and VND being recommended for clay soils. Similarly, the level of water salinity
influenced the selection of irrigation technologies and water-saving strategies, with more
efficient technologies being preferred in areas with higher salinity levels.

4.4. Implications for Policy and Practice

The findings of this study have important implications for policy makers and prac-
titioners involved in promoting sustainable agriculture. They suggest that interventions
aimed at increasing the adaptation of water-efficient irrigation technologies and water-
saving strategies should consider the economic, educational, social, and environmental
contexts of small farmers. For example, policies that increase the cost of water or address
water scarcity could encourage the adaptation of more efficient irrigation practices. Simi-
larly, educational programs and the promotion of professional organization membership
could enhance farmers’ knowledge and awareness of water-saving practices. Finally, con-
sidering the specific environmental conditions of different farming areas is crucial for the
successful implementation of irrigation technologies and water-saving strategies.

In conclusion, the adaptation of irrigation technologies and water-saving strategies by
small farmers is influenced by a range of factors, including economic incentives, educational
levels, social networks, and environmental conditions. By understanding these factors,
policy makers and practitioners can develop more effective strategies for promoting sus-
tainable agricultural practices and ensuring the long-term viability of small-scale farming.

4.5. Discussion on Implementation, Verification, and Validation

The implementation of the expert system for recommending irrigation technologies,
water-saving strategies, and monitoring tools to small farmers in Egypt has been a multi-
faceted process. The system’s development was followed by rigorous testing to ensure its
effectiveness and reliability. The verification and validation process involved running the
program one hundred times for ten different small farmer conditions, comparing predicted
values with actual outcomes. This section discusses the findings, focusing on the agreement
rates, the impact of various factors on adaptation rates, and the implications for future
research and practice.
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4.6. Agreement Rates and Predictive Accuracy

The results indicate an overall agreement rate of 75% for selecting irrigation techniques,
80% for water-saving strategies, and 30% for monitoring tools. The lower agreement rate
for monitoring tools can be attributed to the reliance of 70% of farmers on observation
methods, which were not included in the program. This highlights the importance of
incorporating traditional practices into expert systems to enhance their predictive accuracy
and relevance to local contexts.

4.7. Influence of Economic, Educational, Environmental, and Social Factors

The analysis reveals that economic, educational, environmental, and social factors
significantly influence the adaptation rates of different irrigation technologies, water-
saving strategies, and monitoring tools. For instance, high water costs and shortages
increase the adaptation of water-saving irrigation technologies like SDI and ULDI. Similarly,
farmers with higher education levels and those affiliated with professional organizations
are more likely to adopt advanced technologies and monitoring tools, indicating the role of
knowledge and networks in technology adaptation.

Environmental conditions, such as soil texture and salinity levels, also play a crucial
role. Clay soil, for example, is associated with a higher adaptation of soil mulching due to
its water retention properties. Areas with moderate salinity levels see a higher adaptation of
regulated deficit irrigation (RDI), suggesting that farmers adapt their practices to mitigate
environmental challenges.

4.8. Implications for Future Research and Practice

The findings have several implications for future research and practice. First, the
results underscore the need for expert systems to consider a broader range of factors,
including traditional practices and local environmental conditions, to enhance their applica-
bility and effectiveness. This suggests that future research should focus on integrating more
comprehensive data sets that capture the full spectrum of farming practices and conditions.

Second, the study highlights the importance of education and professional networks
in promoting the adaptation of new technologies. This indicates that interventions aimed
at improving agricultural practices should include educational components and facilitate
the formation of professional networks among farmers.

For irrigation technologies, the predictive model underestimated the preference for
SDI by 5.6 percentage points and overestimated the preference for VND by 9 percentage
points. This could indicate that farmers prioritize the efficiency and effectiveness of SDI
over VND, possibly due to its better water distribution or ease of use, which may not have
been adequately weighted in the predictive model.

The water-saving strategies show a more significant divergence, with the actual selec-
tion of SM being 29.1 percentage points higher than predicted and RDI being 29.1 points
lower. This suggests that farmers may have a strong preference for maintaining SM, pos-
sibly due to its perceived benefits for crop health or yield, which were not sufficiently
reflected in the predictive model.

In the case of monitoring tools, the predictive model significantly underestimated the
use of physical observation of plants and soil as a monitoring method. While sensors were
predicted to have a high adaptation rate of 94.1%, the actual data show that only 30% of
farmers use them, with the remaining 70% relying on traditional methods. This discrepancy
may be due to the cost, availability, or familiarity with new technologies, which were not
considered in the model.

Finally, the results emphasize the need for tailored solutions that address the specific
challenges and conditions faced by small farmers. This calls for a more localized approach to
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agricultural development and water management, taking into account the diverse economic,
educational, environmental, and social contexts of different farming communities.

5. Conclusions

The comprehensive study on the adaptation of irrigation technologies, water-saving
strategies, and monitoring tools among small farmers in Egypt has provided valuable
insights into the multifaceted influences on agricultural practices. Economic factors, such
as water cost and availability, were found to significantly impact the choice of irrigation
methods and water conservation techniques, with scarcity and cost pressures motivating
the adaptation of more efficient practices. Educational attainment and involvement in
professional organizations also emerged as key drivers, indicating that knowledge and
networks play crucial roles in the uptake of new technologies and strategies. Furthermore,
environmental conditions, including soil texture and salinity levels, were shown to directly
influence the selection of suitable agricultural practices, emphasizing the need for localized
approaches. The implementation of an expert system to guide farmers in these decisions
proved to be a reliable tool, demonstrating high agreement rates in its predictions, particu-
larly for irrigation techniques and water-saving strategies. However, the lower prediction
accuracy for monitoring tools suggests a need to incorporate traditional observation meth-
ods more effectively. Overall, the study highlights the potential of integrated approaches
that combine technological innovation with educational and community engagement to
promote sustainable agricultural development and water management in Egypt. The eval-
uation of the expert system showed that there were no significant differences between the
predicted and actual values of irrigation technology and water-saving strategies. However,
significant differences were observed among the monitoring tools because most Egyptian
farmers who participated in this evaluation refused to use any of the tested monitoring
tools and preferred to rely on the apparent status of the plants and soil.

Author Contributions: Conceptualization, A.A.F; Methodology, A.A.F,; Data curation, A.A.F,;
Writing—original draft, A.A.F.; Writing—review & editing, J.G.P-P.; Supervision, ].G.P.-P,; Project
administration, J.G.P-P.; Funding acquisition, ].G.P-P. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was supported by the European PRIMA project “HANDYWATER” through
national programs in Egypt, funded by the Science, Technology and Innovation Funding Authority
(STDF) under grant number 43870, and in Spain, funded by the national program “International
Collaboration Projects” (PCI2021-121940), financed by MCIN/AEI/10.13039/5011000110033 and the
European Union’s NextGenerationEU/PRTR.

Data Availability Statement: The raw data supporting the conclusions of this article will be
made available by the authors on request. Also, we have google form for calculating the data
form https:/ /docs.google.com/forms/d/1xSQFRoXURgR{C3hNXTOmiJhtbizYOUqyIlqu0OwyiacM /
viewform?edit_requested=true.

Acknowledgments: This research was based upon work supported by the European PRIMA project
“HANDYWATER” and funded by the national programs in Egypt and Spain.

Conlflicts of Interest: The funders had no role in the design of the study; in the collection, analyses,
or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.

1. Karydas, C.; Chatziantoniou, M.; Tremma, O.; Milios, A.; Stamkopoulos, K ; Vassiliadis, V.; Mourelatos, S. Profitability Assessment

of Precision Agriculture Applications—A Step Forward in Farm Management. Appl. Sci. 2023, 13, 9640. [CrossRef]

2. Munir, M.S,; Bajwa, I.S.; Naeem, M.A.; Ramzan, B. Design and implementation of an IoT system for smart energy consumption

and smart irrigation in tunnel farming. Energies 2018, 11, 3427. [CrossRef]


https://docs.google.com/forms/d/1xSQFRoXURgRfC3hNXT0miJhtbizY0UqyIqu0OwyiacM/viewform?edit_requested=true
https://docs.google.com/forms/d/1xSQFRoXURgRfC3hNXT0miJhtbizY0UqyIqu0OwyiacM/viewform?edit_requested=true
https://doi.org/10.3390/app13179640
https://doi.org/10.3390/en11123427

Water 2025, 17,137 20 of 20

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Abou Kheira, A.A. Crop Water Productivity as Influenced by Irrigation Improvement in the Nile Delta. In Proceedings of the 2009
ASABE Annual International Meeting, Reno, NV, USA, 21-24 June 2009; American Society of Agricultural and Biological Engineers:
St. Joseph, MI, USA, 2009.

Malano, H.; Burton, M.; Makin, I. Benchmarking performance in the irrigation and drainage sector: A tool for change. Irrig. Drain.
2004, 53, 119-133. [CrossRef]

Burt, C.M.; Styles, S.W. Conceptualizing irrigation project modernization through benchmarking and the rapid appraisal process.
Irrig. Drain. 2004, 53, 145-154. [CrossRef]

Wilson, R.; Charry, A.; Kemp, D. Performance indicators and benchmarking in Australian agriculture: Synthesis and perspectives.
Ext. Farming Syst. 2005, 1, 45-58.

Nikiel, C.A; Eltahir, E.A.B. Past and future trends of Egypt’s water consumption and its sources. Nat Commun. 2021, 12, 4508.
[CrossRef]

Negm, A.M.; Omran, E.S.E.; Mahmoud, M.A.; Abdel-Fattah, S. Update, Conclusions, and Recommendations for Conventional
Water Resources and Agriculture in Egypt. In Handbook of Environmental Chemistry; Springer: Cham, Switzerland, 2018; Volume
74, pp. 659-681.

Amer, A.S.; Mohamed, W.S. Assessment of Ismailia Canal for irrigation purposes by water quality indices. Environ. Monit. Assess.
2022, 194, 862. [CrossRef] [PubMed]

Mumbi, A.W,; Fengting, L. Exploring changes in water use patterns, demand and stress along the Nile River Basin through the
lens of Kenya and Egypt. Mar. Freshw. Res. 2020, 71, 1478-1487. [CrossRef]

Eid, AR;; Negm, A. Improving Agricultural Crop Yield and Water Productivity via Sustainable and Engineering Techniques. In
Handbook of Environmental Chemistry; Springer: Cham, Switzerland, 2018; Volume 74, pp. 561-591.

El-Gafy, I. Integration among egyptian governorates to optimize irrigation water use utilizing weight goal programming technique.
Irrig. Drain. 2013, 62, 559-577. [CrossRef]

Saeid Hassan, N.R. A Simulation Model for Sprinklers Irrigation System. |. Univ. Shanghai Sci. Technol. 2021, 23, 372-378.
[CrossRef]

Gao, J.; Zhuo, L.; Duan, X.; Wu, P. Agricultural water-saving potentials with water footprint benchmarking under different tillage
practices for crop production in an irrigation district. Agric. Water Manag. 2023, 282, 108274. [CrossRef]

Schache, M.; Adams, T. Benchmarking as an extension tool: Instant gratification versus 20: 20 hindsight. Ext. Farming Syst. J. 2009,
5,133-138.

Song, C.; Rong, Y.; Liu, R.; Oxley, L.; Ma, H. Testing the Effects of Water-Saving Technologies Adapted to Drought: Empirical
Evidence from the Huang-Huai-Hai Region in China. Land 2022, 11, 2136. [CrossRef]

Unver, O.; Wahaj, R.; Lorenzon, E.; Mohammadi, K; Osias, ].R.; Reinders, F.; Wani, S.; Chuchra, J.; Lee, P.; Sangjun, .M. Key and
smart actions to alleviate hunger and poverty through irrigation and drainage. Irrig. Drain. 2018, 67, 60-71. [CrossRef]

Hari, T.R.S.; Sumijan, S. Sistem Pakar dengan Menggunakan Metode Naive Bayes dalam Mengidentifikasi Penyakit Karies pada
Gigi Manusia. J. Sistim Inf. Teknol. 2021, 3, 233-238. [CrossRef]

Seflek, A.Y.; Carman, K. A Design of an Expert System for Selecting Pumps Used in Agricultural Irrigation. Math. Comput. Appl.
2010, 15, 108-116. [CrossRef]

Hazman, M. Crop irrigation schedule expert system. In Proceedings of the 2015 13th International Conference on ICT and
Knowledge Engineering, Bangkok, Thailand, 18-20 November 2015; pp. 78-83.

Corceoles, J.I.; A de, ].].; Ortega, ].F.; Tarjuelo, ].M.; Moreno, M.A. Evaluation of Irrigation Systems by Using Benchmarking
Techniques. J. Irrig. Drain. Eng. 2012, 138, 225-234. [CrossRef]

Vizureanu, P. (Ed.) Introductory Chapter: Enhanced Expert System—A Long-Life Solution. In Enhanced Expert; IntechOpen:
Rijeka, Croatia, 2019.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1002/ird.126
https://doi.org/10.1002/ird.127
https://doi.org/10.1038/s41467-021-24747-9
https://doi.org/10.1007/s10661-022-10350-y
https://www.ncbi.nlm.nih.gov/pubmed/36214927
https://doi.org/10.1071/MF19396
https://doi.org/10.1002/ird.1790
https://doi.org/10.51201/jusst12559
https://doi.org/10.1016/j.agwat.2023.108274
https://doi.org/10.3390/land11122136
https://doi.org/10.1002/ird.2225
https://doi.org/10.37034/jsisfotek.v3i4.71
https://doi.org/10.3390/mca15010108
https://doi.org/10.1061/(ASCE)IR.1943-4774.0000386

	Introduction 
	Materials and Methods 
	Building the Expert System 
	Identification of the Problem 
	Conceptualization 
	Formalization 


	Results 
	Economic Factors 
	Water Cost 
	Water Availability 

	Educational and Social Factors 
	Instruction Level 
	Joining a Professional Organization 
	Awareness of Small Farmers by the Techniques 
	Expertise of Small Farmers of Irrigation Management 

	Environmental Factors 
	Soil Texture 
	Salinity Level 
	Source of Water 
	Irrigation System 
	Crop Type 
	Farm Area 
	Region 
	Economic Factors 
	Educational and Social Factors 
	Environmental Factors 


	Discussion 
	Economic Factors 
	Educational and Social Factors 
	Environmental Factors 
	Implications for Policy and Practice 
	Discussion on Implementation, Verification, and Validation 
	Agreement Rates and Predictive Accuracy 
	Influence of Economic, Educational, Environmental, and Social Factors 
	Implications for Future Research and Practice 

	Conclusions 
	References

