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ABSTRACT

This study aims to identify and analyze the key factors influencing water productivity in agriculture through the
application of the Fuzzy Delphi Method.Through a systematic literature review, 194 factors were extracted and
categorized into three domains: climate change (43 factors, 22.1 Percent), policy (77 factors, 39.6 Percent), and
technology (74 factors, 38.2 Percent). These factors were incorporated into a semi-structured questionnaire distributed
to 18 experts. Applying a consensus threshold of 0.8 in the fuzzy Delphi model, the data were fuzzified, aggregated,
and defuzzified. Findings revealed that 32 factors (16.5 Percent) were selected as consensus-based key determinants.
Among them, 18 factors were from the policy domain (23.4 Percent), 10 from the technology domain (13.5 Percent),
and 4 from the climate change domain (9.3 Percent). The highest defuzzified value corresponded to "hybrid seed
production" (0.92), highlighting the significance of biotechnological innovations in enhancing water productivity.
Other consensus-driven factors included "promotion of genetic improvement” (0.90), "establishment of national Based
on the research findings, two controllable pillars—data-driven infrastructure and technological innovations—are
recommended as the most effective factors for enhancing agricultural water productivity.
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Figure 1. The fuzzy Delphi technique algorithm for screening purposes
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Figure 3. Snowball Sampling Method
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Figure 4. Fuzzy Modeling Using Triangular Membership Functions
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Figure 5. Membership Function of a Triangular Fuzzy Number
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Table 1. Characteristics of the Research Sample

Years of Experience in Relevant

Respondent ID  Gender  Age Field of Study Education Level Field

wXjlh O] 67 Irrigation and Drainage PhD 42
DhNIW O] 56 Irrigation and Drainage PhD 35
HOjgX O] 67 Irrigation and Drainage PhD 30
kMSEg O] 61 Irrigation and Drainage PhD 30
YIEho O] 58 Water Resources Management PhD 30
WinSW O] 65 Social Communication Sciences Master’s Degree 30
2nXGA O] 41 Irrigation and Drainage PhD 22

7Fvj6 Q] 47 Soil Science PhD 20
vkKXK O] 42 Irrigation and Drainage PhD 15
JEPpx O] 40 Water Resources Management PhD 15

vgirq & 34 Irrigation and Drainage PhD 15
KUIP2 © 33 Water Resources Management PhD Candidate 14

deZSL © 33 Irrigation and Drainage PhD Candidate 14

Gsl9v & 46 Agricultural Meteorology PhD 12

Pud4CG & 31 Irrigation and Drainage PhD 10

jOoes & 30 Irrigation and Drainage PhD Candidate 10

p7b8Y Q] 30 Water Resources Management Master’s Degree 10

kT8r0 & 26 Irrigation and Drainage PhD Candidate 8
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Figure 6. Distribution of Factors Influencing Decision-Making
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Table 2. Key Agricultural Water Productivity Factors Identified via Fuzzy Delphi Method

Crisp
Group Sub Group Factor Code Value
Decline in groundwater levels CL-2-02 0.85
Hydrological . .
Im Change in surface water quality CL-2-04 0.85
. pacts
climate change )
Change in groundwater quality CL-2-05 0.87
. Ext‘r eme Occurrence of extreme heat waves CL-3-04 0.82
Climatic Events
Public support for modermz'atlon of traditional agricultural PO-1-03 0.80
equipment
. . Incentivizing farmers to adopt crop pattern diversification PO-1-10 0.81
Financial
Support Guaranteed procurement of low-water-demand agricultural PO-1-11 0.80
products .
Tax exemptions for farmers utilizing water-saving cultivation PO-1-12 0.86
methods
Revision of agricultural water pricing tariffs PO-2-08 0.84
Development of regulatory framevsiork.s for sustainable water PO-2-09 0.83
resource exploitation
Allocation of water quotas fm: dlff.erent cr(?ps based on water PO-2-10 0.87
demand and climatic conditions
. Installation of smart meters on agricultural wells PO-2-13 0.86
Managerial and
Regulatory Development of information systems and online monitoring PO-2-17 0.82
. platforms for agricultural water resources :
Policies Public dissemination of data on water extraction,
. . PO-2-18 0.81
consumption, and status for independent researchers
Creation of a p.ubllcly accessible natlofla.l database on PO-2-19 0.87
agricultural water productivity
Delegation of wafer resource managem.e!lt to‘ local entities with PO-2-23 0.83
direct stakeholder participation
Continuous reporting of water productivity indicators at
. . PO-3-02 0.88
Developmental national and regional levels
and Research Periodic evaluation of irrigation Pro;ects in terms of efficiency PO-3-03 0.85
and effectiveness
Promotion of genetic 1mprqvement and .sel.ectlon of water- and PO-5-02 0.90
. heat-resilient crop varieties
Sustainagle Empowerment of local communities in participatory water
Agricultural p participatory PO-5-03 0.81
resource management
Development - Lo . s .
Training and equipping cooperatives for the implementation
R . . PO-5-04 0.85
of sustainable irrigation projects
Educational and Engagement of farmers in monitoring and evaluating water-
. . . PO-6-05 0.82
Participatory related projects
Modern
Irrigation Implementation of smart irrigation systems TE-1-03 0.82
Methods
Transplanting cultivation to reduce irrigation period TE-3-02 0.81
Sustainable
Agricultural Soil salinity management through soil amendment techniques TE-3-03 0.81
Management
Technologies Fertigation technique TE-3-06 0.83
Educa'tl'onal and Use of mass media to prqmote water-saving culture in TE-4-02 0.81
Participatory agriculture
Utilizing Biotechnological Approaches to Enhance Plant
R . TE-5-01 0.83
Resistance to Environmental Stresses
Biological Developing drought-resistant crop varieties TE-5-02 0.90
Using early-maturing cultivars to reduce the growth period TE-5-05 0.88
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Crisp
Group Sub Group Factor Code Value

Producing high-performance hybrid seeds TE-5-06 0.92

Monitoring and

Evaluation Application of soil moisture sensors for irrigation scheduling TE-6-05 0.81
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Selected Factors

Figure 7. Distribution of Defuzzified Values Across Extracted Factors
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Table 1. Influential factors on agricultural water productivity identified through literature review

Row Code Factor
1 CL-1-01 Change in annual mean temperature
2 CL-1-02 Change in temperature pattern regimes during the crop growth period
3 CL-1-03 Change in diurnal temperature range
4 CL-1-04 Change in annual average precipitation
5 CL-1-05 Change in temporal and spatial precipitation distribution pattern
6 CL-1-06 Change in relative humidity
7 CL-1-07 Incidence of drought periods
8 CL-1-08 Occurrence of pluvial episodes (wet spells)
9 CL-1-09 Change in solar radiation intensity
10 CL-1-10 Variation in atmospheric pressure
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Row Code Factor

11 CL-1-11 Changes in wind patterns

12 CL-2-01 Sea level rise

13 CL-2-02 Decline in groundwater levels

14 CL-2-03 Decline in river and lake volumes

15 CL-2-04 Change in surface water quality

16 CL-2-05 Change in groundwater quality

17 CL-2-06 Saltwater intrusion into aquifers

18 CL-2-07 Alteration in runoff timing

19 CL-3-01 Increase in intensity of flash floods

20 CL-3-02 Increase in frequency of flash floods

21 CL-3-03 Increase in occurrence of storms and tornadoes

22 CL-3-04 Occurrence of extreme heat waves

23 CL-3-05 Occurrence of sudden cold spells

24 CL-3-06 Occurrence of late-season frosts

25 CL-3-07 Hail precipitation

26 CL-4-01 Increase in plant transpiration

27 CL-4-02 Rise in atmospheric CO: concentration

28 CL-4-03 Accumulation of ground-level ozone

29 CL-4-04 Disruption in nutrient uptake dynamics

30 CL-4-05 Heightened susceptibility to pests and diseases

31 CL-5-01 Shifts in pollinator population distribution

32 CL-5-02 Alteration in biodiversity indices

33 CL-5-03 Change in soil pH levels

34 CL-5-04 Increase in soil salinity

35 CL-5-05 Acceleration of soil erosion

36 CL-5-06 Reduction of native vegetation cover

37 CL-5-07 Disturbance in soil microbial dynamics

38 CL-5-08 Proliferation of pathogenic fungi and bacteria

39 CL-5-09 Disruption in ecological cycles

40 CL-5-10 Decline in habitat quality

41 CL-5-11 Migration of invasive species

42 CL-5-12 Degradation of soil structure

43 CL-5-13 Soil pollution from acid rain

44 PO-1-01 Direct governmental subsidies for modern irrigation systems
45 PO-1-02 Partial funding for maintenance of irrigation infrastructure
46 PO-1-03 Public support for modernization of traditional agricultural equipment
47 PO-1-04 Financial assistance for irrigation equipment manufacturers
48 PO-1-05 Funding for supplementary irrigation implementation
49 PO-1-06 Establishment of farmer relief funds against drought

50 PO-1-07 Agricultural insurance for drought and natural disasters
51 PO-1-08 Allocation of resources for drought monitoring and early warning systems
52 PO-1-09 Rewarding exemplary farmers in water resource management
53 PO-1-10 Incentivizing farmers to adopt crop pattern diversification
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Row Code Factor
54 PO-1-11 Guaranteed procurement of low-water-demand agricultural products
55 PO-1-12 Tax exemptions for farmers utilizing water-saving cultivation methods
56 PO-1-13 Financial support for smart agriculture pilot projects focused on water conservation
57 PO-1-14 Supporting the establishment of specialized water and agriculture advisory centers in rural areas
58 PO-1-15 Promoting the formation of specialized irrigation cooperatives in water-scarce regions
59 PO-1-16 Public funding or cost-sharing for agricultural wastewater recycling and treatment
60 PO-1-17 Governmental support for integrating renewable energy into irrigation systems
61 PO-2-01 Integrated water resource management
62 PO-2-02 Reforming water governance from provincial model to basin-oriented model
63 PO-2-03 Clarifying mandates and enabling performance evaluation of governmental agencies
64 PO-2-04 Elimination of overlapping authorities
65 PO-2-05  Legislation requiring continuous managerial accountability for decision-making outcomes
66 PO-2-06 Utilization of sustainability indicators for managerial performance assessment
67 PO-2-07 Formulation of a comprehensive law for water and soil resource protection
68 PO-2-08 Revision of agricultural water pricing tariffs
69 PO-2-09 Development of regulatory frameworks for sustainable water resource exploitation
70 PO-2-10  Allocation of water quotas for different crops based on water demand and climatic conditions
71 PO-2-11 Implementation of punitive measures against unauthorized agricultural water extraction
72 PO-2-12 Enforcement of regulations concerning unauthorized wells
73 PO-2-13 Installation of smart meters on agricultural wells
74 PO-2-14 Continuous monitoring of groundwater levels
75 PO-2-15 Establishment of non-governmental water management organizations involving farmers
76 PO-2-16 Inter-ministerial coordination for effective policy implementation
77 PO-2-17 Development of information systems and online monitoring platforms for agricultural water resources
78 PO-2-18  Public dissemination of data on water extraction, consumption, and status for independent researchers
79 PO-2-19 Creation of a publicly accessible national database on agricultural water productivity
80 PO-2-20 Utilization of remote sensing technologies for water resource exploitation assessment
81 PO-2-21 Implementation of water pricing policies based on usage efficiency
82 PO-2-22 Design of climate- and crop-specific smart water quota systems
83 PO-2-23 Delegation of water resource management to local entities with direct stakeholder participation
84 PO-3-01  Formulation of a national agricultural water productivity document with quantitative and qualitative targets and timelines
85 PO-3-02 Continuous reporting of water productivity indicators at national and regional levels
86 PO-3-03 Periodic evaluation of irrigation projects in terms of efficiency and effectiveness
87 PO-3-04 Water footprint analysis of agricultural products across different regions
88 PO-3-05 Calculation and analysis of virtual water content in agricultural products across regions
89 PO-3-06 Assessment of climatic and environmental impacts of cropping patterns on water resources
90 PO-3-07 Support for applied research in smart and low-consumption irrigation technologies
91 PO-3-08 Collaboration with academic and research institutions to develop predictive and decision-making models
92 PO-4-01 Establishment of international collaboration networks to exchange water management experiences
93 PO-4-02 Organization of joint regional and global conferences and workshops in the water sector
94 PO-4-03 Development of collaborative research projects with international universities and scientific centers
95 PO-4-04 Exchange of hydrological and climatic data with neighboring countries for crisis forecasting
96 PO-4-05 Development of water diplomacy to address transboundary water issues and shared rivers
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Row Code Factor

97 PO-4-06 Participation in regional agreements for sustainable management of shared water resources

98 PO-4-07 Collaboration with global entities such as FAO, UNEP, and UNESCO in regional water projects

99 PO-4-08 Establishment of a regional water diplomacy secretariat for coordinating joint policies and actions
100 PO-4-09 Organization of water diplomacy workshops to enhance technical and public dialogue in the water sector
101 PO-5-01 Support for cultivation of drought-tolerant, native, and medicinal crops

102 PO-5-02 Promotion of genetic improvement and selection of water- and heat-resilient crop varieties

103 PO-5-03 Empowerment of local communities in participatory water resource management

104 PO-5-04 Training and equipping cooperatives for the implementation of sustainable irrigation projects

105 PO-5-05 Support for knowledge-based companies active in agriculture and water sectors

106 PO-5-06 Establishment of agricultural innovation centers in water-scarce regions

107 PO-5-07 Implementation of flexible policies to promote agricultural product exports and expand target markets
108 PO-5-08 Facilitation of public-private partnerships in agricultural water infrastructure development

109 PO-5-09 Creation of a single-window service system for agricultural investment

110 PO-5-10 Development of transportation, storage, and processing infrastructure for agricultural products
111 PO-5-11 Construction of agricultural innovation towns and smart greenhouses

112 PO-6-01 Provision of free consulting services for farmers on water and soil management

113 PO-6-02 Training in conflict resolution, negotiation, and effective communication for water resource management
114 PO-6-03 Design of educational programs for agricultural extension agents

115 PO-6-04 Development of training curricula for managers emphasizing sustainable development and intergenerational equity
116 PO-6-05 Engagement of farmers in monitoring and evaluating water-related projects

117 PO-6-06 Establishment of conflict resolution mechanisms for water-related disputes

118 PO-6-07 Implementation of national and local awareness-raising and educational campaigns

119 PO-6-08 Creation of water productivity assessment systems in farm units to promote transparency and healthy competition
120 PO-6-09 Formation of local stakeholder groups for participation in policymaking

121 TE-1-01 Deployment of surface drip irrigation

122 TE-1-02 Deployment of subsurface drip irrigation

123 TE-1-03 Implementation of smart irrigation systems

124 TE-1-04 Adoption of remote-controlled irrigation technologies

125 TE-1-05 Utilization of Internet of Things (IoT) for precision irrigation

126 TE-1-06 Integration of automated irrigation technologies

127 TE-1-07 Conventional sprinkler irrigation

128 TE-1-08 Center-pivot irrigation

129 TE-1-09 Linear move sprinkler irrigation

130 TE-1-10 Low-pressure irrigation

131 TE-1-11 Mist irrigation / Fogger-based irrigation

132 TE-1-12 Surge irrigation (intermittent flow surface irrigation)

133 TE-1-13 Laser-leveled surface irrigation

134 TE-1-14 Advanced managed border irrigation

135 TE-1-15 Controlled-flow furrow irrigation

136 TE-1-16 Drone-assisted precision irrigation for sloped terrains

137 TE-1-17 Hybrid irrigation systems (drip-sprinkler integration)

138 TE-1-18 Pressure management in irrigation networks

139 TE-1-19 Smart control valves in irrigation systems
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Row Code Factor
140 TE-2-01 Big data analytics in agricultural water resource management
141 TE-2-02 Rainwater harvesting
142 TE-2-03 Utilization of non-conventional water sources (saline water, greywater)
143 TE-2-04 Aquifer management and artificial groundwater recharge
144 TE-3-01 Biofiltration-based agriculture (use of bioremediation filters for soil/water purification)
145 TE-3-02 Transplanting cultivation to reduce irrigation period
146 TE-3-03 Soil salinity management through soil amendment techniques
147 TE-3-04 Utilization of preliminarily treated municipal wastewater for restricted irrigation purposes in non-edible crop cultivation
148 TE-3-05 Utilization of treated municipal wastewater for irrigation in conventional agriculture
149 TE-3-06 Fertigation techniques
150 TE-3-07 Application of conservation tillage practices
151 TE-3-08 Soil structure improvement to enhance water retention capacity
152 TE-3-09 Use of slow-release fertilizers
153 TE-3-10 Application of biofertilizers to improve water uptake
154 TE-3-11 Incorporation of superabsorbent polymers in soil
155 TE-3-12 Enhancement of soil physical structure to optimize moisture retention in the rhizosphere
156 TE-3-13 Utilization of renewable energy sources to power irrigation systems
157 TE-3-14 Advanced filtration of agricultural drainage water
158 TE-3-15 Vertical farming
159 TE-3-16 Aeroponic farming
160 TE-3-17 Aquaponic farming
161 TE-3-18 Hydroponic farming
162 TE-4-01 Establishment of an online platform for knowledge and experience exchange among farmers
163 TE-4-02 Use of mass media to promote water-saving culture in agriculture
164 TE-5-01 Utilizing Biotechnological Approaches to Enhance Plant Resistance to Environmental Stresses
165 TE-5-02 Developing drought-resistant crop varieties
166 TE-5-03 Application of molecular markers in plant breeding
167 TE-5-04 Seed inoculation with plant growth-promoting bacteria
168 TE-5-05 Using early-maturing cultivars to reduce the growth period
169 TE-5-06 Producing high-performance hybrid seeds
170 TE-5-07 Tissue culture technology for propagation of drought-tolerant plants
171 TE-6-01 Analysis of climatic data for irrigation and nutrient management planning
172 TE-6-02 Use of nanomaterials in water pipe construction to reduce leakage
173 TE-6-03 Utilization of solar-powered pumps for irrigation
174 TE-6-04 Use of drones for precision spraying and fertilization
175 TE-6-05 Application of soil moisture sensors for irrigation scheduling
176 TE-6-06 Use of GPS systems for guiding agricultural machinery
177 TE-6-07 Use of farm management software
178 TE-6-08 Application of multifunctional sensors for monitoring plant and soil health
179 TE-6-09 Application of machine learning algorithms to forecast crop water requirements
180 TE-6-10 Big data analytics for agricultural water resource management
181 TE-6-11 Application of artificial intelligence for consumption pattern recognition and irrigation optimization
182 TE-6-12 Intelligent plant behavior modeling using remote sensing data
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Row Code Factor
183 TE-6-13 Monitoring of plant health through computer vision algorithms
184 TE-6-14 Future-oriented and digital innovations in irrigated agriculture
185 TE-6-15 Drought management using drought indices
186 TE-6-16 Deployment of leak detection systems in irrigation networks
187 TE-6-17 Implementation of online monitoring systems for soil and water status tracking
188 TE-6-18 Use of modern surface and subsurface drainage methods for moisture control and waterlogging mitigation
189 TE-7-01 Construction of small-scale dams and water storage reservoirs
190 TE-7-02 Low-loss water conveyance pipelines
191 TE-7-03 Implementation of lined or concrete water conveyance canals
192 TE-7-04 Design of water distribution networks with minimal pressure loss and evaporation
193 TE-7-05 Design and deployment of high-efficiency pumping stations
194 TE-7-06 Development of GIS-based systems for water infrastructure management and maintenance

Table 2 . Sample semi-structured Likert scale questionnaire used in the present study

Please indicate the importance of each factor affecting agricultural water productivity in Iran using a fuzzy Likert scale ranging from 1
(Extremely Low) to 7 (Extremely High).
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CL-1-01 Change in annual mean temperature
CL-1-02 Change in temperature pattern regimes during the crop growth period
CL-1-03 Change in diurnal temperature range
CL-1-04 Change in annual average precipitation
CL-1-05 Change in temporal and spatial precipitation distribution pattern
CL-1-06 Change in relative humidity
CL-1-07 Incidence of drought periods
CL-1-08 Occurrence of pluvial episodes (wet spells)
CL-1-09 Change in solar radiation intensity
CL-1-10 Variation in atmospheric pressure
CL-1-11 Changes in wind patterns
CL-1-12
CL-1-13
CL-1-14
Table 3. Linguistic Classification in the Form of Triangular Fuzzy Numbers
Linguistic Variable Lower Bound Middle Value Upper Bound
Extremely Low 0 0 0.1
Very Low 0 0.1 0.3
Moderately Low 0.1 0.3 0.5
Moderate 0.3 0.5 0.75
Moderately High 0.5 0.75 0.9
Very High 0.75 0.9 1
Extremely High 0.9 1 1
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