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Multi-disciplinary strategy
to optimize irrigation efficiency
in irrigated agriculture
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Equilibrium among water, food, energy, and climate actions is necessary for life to exist, quality, and
sustainability. This article explored how to ensure sustainability, and equilibrium in the irrigation
processes by proposing irrigation equilibrium indicators (IEls) for sustainable irrigated agriculture
(SIA). The primary purpose of IEls is to achieve a state of sustainable climate and environmental
balance. The pressures driving agriculture and irrigation professionals to enhance the irrigation
scheme performance are tremendous in all agricultural communities. Monitoring, assessment, and
improvement of agriculture practices and irrigation schemes for enhancing the Climate, water, food,
and energy (CWFE) nexus is a must. As an auspicious climate action, IEls were developed to enhance
the irrigation scheme’s efficiency, within the scope of SIA. Subsequently, water, agricultural, food, and
energy productivity could be optimized. Then, the appropriate equilibrium indicators could identify
the actual performance of the CWFE nexus as a whole and the performance of each component.

The effective irrigation scheme is the backbone of SIA. IEls could measure the degree of achieving
the overall and specific objectives and designated irrigation processes. The ultimate measure of
equilibrium is optimizing sustainable agricultural yields and productivity, ensuring environmental
balance, strengthening life quality, and maximizing economic returns.

Keywords Irrigation equilibrium indicators (IEIs), Climate, water, food, and energy (CWFE) nexus,
Sustainable irrigated agriculture (SIA), Global goals (GGs), Efficiency, Water organizations

Water is the main bio element for life sustainability. If the water represents the blood, then the irrigation schemes
and drainage practices represent the arteries, and veins respectively of a healthy life and sustainable human
civilization. Sustainable irrigated agriculture (SIA) combines climate, water, and energy to sustain, intensify, and
improve food, feed, fiber, and fuel production. Environmental, social, economic, technical, and management
objectives of irrigated agriculture and its associated irrigation scheme should be identified. The overall goal of
the sustainable irrigated agriculture (SIA) project is to enhance agricultural production and productivity through
better management and control of irrigation water. Implied in these goals is the need to optimize crop water
productivity, water investment efficiency’, and unconventional water resources®. The parameters are interrelated
and could be applied to characterize the overall performance of the sustainable irrigated agriculture (SIA) system.

The pressures driving irrigation professionals to enhance the irrigation scheme performance are tremendous
and especially in many low and middle-income nations of the world. The permanent reasons are the rapidly
rising water stresses and population versus a relatively small cultivable land area, the increased expectation of
rural dwellers resulting from the man-made and natural crises the growing mobility of people through immigra-
tion, and ultimately the increased dependence on river irrigation. Hazards correlated to sustainable irrigated
agriculture (SIA) include climatological, atmospheric, hydrologic, biological, chemical, anthropogenic, natural,
human-induced, and/or technological hazards. Global, regional, national, and local, disasters should also be
considered. Nowadays, more catastrophic events such as international wars and conflicts (Gaza-Israel war, Russo-
Ukrainian war)?, the proxy wars, the new cold war, the new superpower clash, the plunge in Sino-US relations,
boiling points, political tumult, hardline politics, provoking acts, and global epidemics cause a more negative
impact and pressure on all irrigation, water, food, energy, and agriculture professionals [e.g.,“]. The importance
of developing irrigation equilibrium indicators (IEIs) in optimizing productivity, ensuring environmental bal-
ance, and maximizing economic returns in sustainable agriculture practices was highlighted.
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Sustainable irrigation practice is a cross-action to facilitate fulfilling Global Goals (GGs). Sustainable irriga-
tion could directly and positively impact the majority of (GGs), (e.g., Climate action, clean water, no hunger,
no poverty, economic growth, sustainable communities, infrastructure, responsible consumption, peace, and
justice...). Climate change, poor water delivery, and low irrigation application efficiency may lead to some unfa-
vorable effects resulting in lower yield per unit (P.U.) of area and (P.U.) of freshwater, less total area irrigated,
and detrimental environmental effects, as well as lower returns from the irrigated crops. Principally, Sustainable
irrigation could be considered an effective climate action (CA) to adapt to water stress. Climate Actions (CAs),
adequate predictable water supplies to meet crop needs, and water savings to be freed up for agricultural and
other uses could be considered measures of sustainable future achievements.

Sustainable irrigated agriculture (SIA) focuses on the wise utilization of irrigation water. Water should be
efficiently allocated to the plant root zone when required without waste and in adequate quantities. Control over
water and its proper management for agricultural and other purposes are necessitated at all levels in the irriga-
tion schemes. The sustainable irrigated agriculture (SIA) project components could be designed into groups of
related functions and development options. There are three major components of irrigation water management
activities. The water activities focus on water obtaining adequate and assured supplies (acquisition), scheduling
(allocation), utilization at the exact place at the appropriate time (distribution), and prevention and removal
of excess (drainage). Irrigation scheme performance relies not only on water management but on all irrigation
scheme components including hydraulic structures, machines, information, stakeholder participation, and other
inputs. The structural (hardware) activities focus on the provision of control (design and construction to capture
and provide safe direction), operation (to achieve timely releases and adjustments in proper, quantities and
elevations), and maintenance (sustaining the capability to provide scarce resources). The governance (software)
activities focus on the actions of water organizations to precisely manage the scheme, (mobilizing resources,
communicating the plans, managing conflict, and making decisions) within collective opinion, and carefully
managing water resources. These three major focuses of irrigation water management activities, along with the
four sub-divisions of each, form an equilibrium management matrix shown in Fig. 1.

The stakeholders should be more mindful that they have enough water (adequacy), that get their fair share
(equity), and that comes when they need it (reliability). The stakeholders should be also more mindful that the
man-made and natural resources base relative to erosion, water logging, and salinity is stable. These considera-
tions of productivity, adequacy, equity, reliability, and stability are the primary criteria upon which sustainable
irrigated agriculture (SIA) is judged by water organizations. Field construction and rehabilitation could represent
physical and engineering activities that involve and incorporate hydraulic structural replacement (HSR), pre-
ventive maintenance, and irrigation improvement techniques sub-components. Human-based activities could
incorporate professional development, training, and research and development which stress capacity building,
either to conduct water organizations’ routine work efficiently or to undertake research programs to solve spe-
cific problems. Conducting all these actions to maximize agricultural production and deliver the freshwater to
the farm.

The assessment, monitoring, and improving needs for climate, water, food, and energy (CWFE) nexus are
complex [e.g.,”*]. The defined components could be contemplated as individual sectors in their own rights with
stated objectives, human needs, training requirements, construction activities, and achievable outputs. To further
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Figure 1. Analytical framework for Irrigation equilibrium indicators (IEIs).
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discipline matters, the individual components should have their implementation departments within the Water
organizations. Then, the appropriate equilibrium indicators could identify the actual performance of the CWFE
nexus as a whole and the performance of each component. This study can be seen as the first step in coming
up with meaningful equilibrium indicators for the CWFE nexus. It could be followed by others to validate and
apply the concepts outlined. This would require further collaboration with representatives of all CWFE nexus
components to facilitate collecting necessary data.

Methods

Sustainable irrigated agriculture (SIA) should consider all issues related to socioeconomic, climate, environment,
energy, irrigation, and agricultural practices. SIA mainly depends on freshwater resources, good governance,
hydraulic structures, farmers’ organizations, law institutions, engineers, and efficient human resources. The
optimal irrigation water utilization through the application of the right amounts of water necessary for optimal
plant growth is the key to achieving SIA. Perhaps at the farm level, the primary management objective is to maxi-
mize the farmers’ own profit. For the nation at large, the governance objectives should emphasize strengthening
environmental and climate indicators. To evaluate the performance of sustainable irrigated agriculture (SIA) in
meeting its objectives, continuous monitoring of the system status, inputs, and outputs is required. Collected data
should be carefully examined and analyzed with systematic feedback to delineate means and ways of improving
the system’s performance.

Impact of efficiency on yield and agricultural production

The agricultural process goal is to optimize the grown crop amount (P.U.) of resource for a specified time. The
agricultural efficiency could be determined as the ratio between the actual to the expected yield, i.e. the ratio
between actual and expected crop quantity (P.U.) of resource (land, water, energy ...etc.) for a specified time
(season). The process starts by identifying Sustainable irrigated agriculture (SIA) project goals and objectives. It
would be nice if management objectives were set to specify the desired level of system performance. For example,
the goal of increasing agricultural productivity may establish yield levels that should be attained. The agricultural
“Yield” is the harvest, crops, and earnings generated by an agricultural process over a particular period.

Irrigation efficiency

Many scholars proposed indicators to assess irrigation efficiency, irrigated agriculture, and water use efficiencies.
[e.g..” "]. The scope of work was defined, designed, and briefed as follows: Reviewing appropriate documents
and literature for background information; organizing field trips to project sites for data collection, discussions,
and performance assessment; Exploring the vision of climate, water, food, and energy leaders, directors, offic-
ers, scholars, researchers, engineers, and project teams for expectable nexus outputs; Considering appropriate
Climate Actions (CAs) and adequate water supplies for the farmers as the measures for agricultural development
goal achievement; Outlining procedures to arrive at the equilibrium indicators in a report format that could be
computerized for data collection and updating; Designing nexus key equilibrium indicators as shown in Fig. 2
for the nexus components and investigating their relationships to the nexus as a whole.

The mathematical process

The typical crop-water production function could represent agricultural yield for a specified time (season). The
agricultural yield could be plotted as a function of the total applied water quantity. The function starts with a
relatively high slope indicating that water is efficiently used to increase production at low levels of irrigation.
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When the applied water levels increase, the slope diminishes. At the maximum yield, the function will have
zero slope (horizontal line). After that, additional increments of applied water tend to decrease the yield due
to decreased aeration and gas transfer within the plant root zone. Commonly, the mathematical relationship
between agricultural production (crop/yield) and irrigation scheme efficiency (n;) could be determined as a
sigmoid function—continuously increasing function—(“S”-shaped curve).

Efficiency of irrigation water
The agricultural yield is a percent of the maximum potential output which could be obtained when an irriga-
tion efficiency of 100%. The three significant locations of the agrarian yield are characterized by the following:

® The first region—the low-efficiency phase—is where efficiency changes will affect slightly the yield.
® The second region—the medium-efficiency phase—is where efficiency changes affect strongly the yield.
® The third region—the high-efficiency phase—is where efficiency changes affect slightly the yield.

Irrigation efficiency could be determined as the ratio between the required Water quantity for beneficial use
(P.U.) area (W,) to the Water quantity delivered and applied (P.U.) area (W,). The irrigation efficiency (n;) can
be written as:

n = [(Wp)/(Wg)] (1)

Irrigated areas under most projects are limited by the available water quantities (W,). The potential irrigated
area (I,) is given in general by:

L = (Wo/(Wa)] 2)

Equations (1) and (2) could be combined to show that, for a specified total available water quantity (W) and
a recommended beneficially applied water quantity (W,), the irrigated area is directly correlated to the irriga-
tion efficiency.

L = [(Wo) (m)/(W)] (€)

The agricultural output (P.U.) of freshwater (Y,,) can be correlated to the agricultural output (P.U.) of area
(Y,) as follows:

Y = [(Ya)/(Wa)] (4)

Equations (1) and (4) could be combined to express the agricultural output (P.U.) of freshwater concerning
the irrigation efficiency

Yy = [(Ya)(n)/(Wr)] (5)

Equations (3) and (5) show that a decrease in the irrigation efficiency will cause a decrease in both the poten-
tial irrigated area I, and the agricultural output (P.U.) of freshwater Y. Lower irrigation efficiency may also con-
tribute to various unfavorable environmental impacts such as: leaching nutrients from the plant root zones, soil
erosion and deterioration of soil structure, and rising groundwater levels increasing the possibility for drainage
problems and salinity hazards. The necessity for optimal irrigation water efficiency is obvious.

The overall climate, water, food, and energy (CWFE) nexus efficiency

When evaluating the performance of the climate, water, food, and energy (CWFE) nexus, it is often useful to
assess the effectiveness of all system components. This allows us to identify components that are not performing
well. The irrigation scheme can be schematically described by a package of successive sections as displayed in
Fig. 3 where each section is characterized by the freshwater quantity which is delivered as compared with water
losses. For the ith segment of the irrigation scheme, the segment efficiency could be defined as:

Nsee = Wa(i —1)/Wa(i) (6)
and the water losses within the section are given by:
WL = Wq(d) — Wa(i = 1) ?7)

where Wy(i) is the quantity of water allocated into the ith section. It could be noted that for the first section
(i=1), the irrigated field, Wy(i-1) = W, which represents the beneficially required amount of water for agricul-
tural production.

Hence: the farm efficiency E;=W, /Wy,

the farm ditch efficiency E, = Wy,/Wy,

the branch canal efficiency E; = Wy,/ Wy,

and therefore, the overall branch canal efficiency E, ; is given by

Ei3 = erl/\/\/vd3

Ei3 = (Wy, Wa) Wa1/Wa2) Waa/Was) (8)
Ei3 = (Ep(E2)(E3)
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Figure 3. Overall irrigation efficiency for an irrigation scheme with five sections.

According to Fig. 4, the overall irrigation scheme efficiency is equal to the multiplication of the efficiencies
of its components.

E;n = (ED) (B2) (B3) (En—1) (Ep) 9)

When evaluating the seasonal irrigation efficiency, the quantity of water involved is seasonal. The need for
improvement can be defined in the section where the efficiency is lowest. With on-farm irrigation improve-
ment, agricultural efficiency is correlated to individual irrigation. Usually this is accomplished by analyzing the
freshwater distribution profile under the farm area.

Climate actions (CAs) and crop yield

The obtained yield is the major indicator for defining agricultural Climate Action (CA) performance. Food effi-
ciency could be a tool for achieving carbon and climate targets [e.g.,'’]. Although the yield of the irrigated field
is considerably correlated to other factors apart from climate (irrigation, fertilizer, cultivation, socioeconomics
... etc.), it can be correlated to the Climate Action (CA) performance, especially for known and given levels of
the other components. The evaluation of the Climate Action (CA) performance of the overall agricultural season
with respect to yield is associated with the simultaneous analysis of the following terms:

The ratio of agricultural yield before and after Climate Action (CA) (P.U.) of freshwater

Ry = (Yaa)/(Yea) = (Yw)/(/Yw) (10)

The ratio of agricultural yield before and after Climate Action (CA) (P.U.) of area

River (Principal Canal)

Secondary Canal

Branch Canal

Main Canal

Figure 4. Overall irrigation efficiency for an irrigation scheme.
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Ry = (Yaa)/(Yea) = (Ya)/('Ya) (11)
The ratio of agricultural yield before and after Climate Action (CA) (P.U.) of energy
Re = (Yaa) / (Yea) = (Ye) / (,Ye) (12)

The expected yield (P.U.) of irrigation water, (P.U.) of area, and (P.U.) of energy is correlated to these variable
sources.
the average yield normally obtained in the studied area or other areas with similar conditions.

Yo = 1/n(Ya); (13)

in which (Y,); is the yield (P.U.) of area for the jth season, and n is the number of seasons observed. The expected
yield (P.U.) of freshwater regarding the applied water quantity in the jth season (W) is given by:

Yy =1/n [(Ya)j /Wi (14)

the optimal yield obtained from local experiments or by adaptation of relevant data from other sources.
Evaluation of the overall irrigation season is related to the simultaneous analysis of both R,, R, and R,. The
various possible combinations are as follows:

e AlIR,, R, and R, have high values. Actual yields are high for both units of water, area, and energy. The overall
irrigation season is regarded satisfactory, and the condition is considered the most desirable.

e R, islow while R, is high. Actual yields are lower than expected, although the yield (P.U.) of irrigation water
is high. Consequently, the water application is rather efficient, but the total depth of water application is too
low resulting in a lower yield.

® R, ishigh while R is low. Actual yields are higher than expected, but actual yields (P.U.) of freshwater are low.
The higher yield is a result of sufficient water but inefficient application. Additional relatively large quantities
of water result in relatively small increase in yield; however, those yields are higher than expected.

e AllR,, R, and R, are low. Large quantities of freshwater and energy result in yields lower than expected, and
freshwater and energy are used inefliciently. Results are most unfavorable, and yields indicate poor irrigation
and energy performance.

Equilibrium indicators

Efficient control and application of water would free extra amounts to be utilized for extending the cultivated
area or to allow shifts to new crop varieties that increase the grower returns. The following derived indicators
reflect the effectiveness of using freshwater in economic or absolute terms. Such indicators could be applied at
the National or at the command level. Comparison of the values of these macro indicators before and after the
execution of the sustainable irrigated agriculture (SIA) project would reflect the success of the project in meet-
ing its goals.

Equilibrium indicator (1) reflects the worth of agricultural production (P.U.) of freshwater

15
(or energy) used($/ m® ) = (value of the agrarian production/water quantity (or energy) used) (15)
Equilibrium indicator(2)reflects the extent of the agrarian area irrigated(P.U.) of freshwater,
16
(hectare/ m? ) (or energy) = (Totalland area in production/water (or energy)quantity used) (16)
Equilibrium indicator(3)reflects the overall use efficiency regarding meeting the crop watering
(or energy)requirements % = (Water (or energy) demand for crop production/water (17)

(or energy) quantity used)

Each of the previous indicators has its own merits and limitations.

In the usage of such indicators over a period, problems associated with shifts in the cropping regime and
prices due to changes in the world economy would be encountered. Again, agricultural production is a function
of the effectiveness of Climate Actions (CAs) and other agricultural inputs (water, land, energy, ...). The usage
of the previous three indicators would be not very practical before all Sustainable irrigated agriculture (SIA)
activities are completed. The strength of using such indicators will be observed when they are applied to two
similar areas, one with clear Sustainable irrigated agriculture (SIA) project involvement and the other without
Sustainable irrigated agriculture (SIA) involvement.

Results

The climate, water, food, and energy (CWFE) nexus are a multi-disciplinary hub of greatest importance to sus-
tainable irrigated agriculture (SIA). Several concepts and definitions have been outlined in this study concerning
possible indicators to assess the performance of all components of the climate, water, food, and energy (CWFE)
nexus and the integrated project as a whole. The CWFE nexus could be represented as a cluster of overlapping
components, each having its objectives to generate an array of outputs.
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The designed climate, water, food, and energy (CWFE) nexus could represent a promising innovation that
contributes to strengthening the water organization’s capabilities in planning, designing, operating, and main-
taining the irrigation scheme. The objectives and functions of some designed climate, water, food, and energy
(CWFE) nexus components are very much related and there should be room for greater interaction between
such components. The designed climate, water, food, and energy (CWFE) nexus emphasizes some components
each of which has its specific objectives which is linked "somehow" to the nexus overall objectives. Because of
the magnitude and importance of the designed climate, water, food, and energy (CWFE) nexus, the assessment
and monitoring needs are vital and complex.

Hierarchy of climate, water, food, and energy (CWFE) nexus

The CWFE nexus has an array of strategic milestones arranged in four hierarchical levels of goal, subgoal, objec-
tives, and actions as outlined in Fig. 5. The study mission is to develop equilibrium indicators that would tell how
successful the components and the integrated nexus package are in achieving the stated objectives. The overall
goal is to sustain irrigated agriculture; and increase agricultural production and productivity. The designed nexus
subgoal is to enhance water control and use efficiency. Performance indicators could reflect progress toward meet-
ing physical, financial, or institutional achievements, regarding designated objectives and outputs of the climate,
water, food, and energy (CWFE) nexus. Construction of hydraulic structures and conveyance works, expenditure
in commodities and training, and the reinforcement of water users’ associations or Irrigation Advisory Services
are respective examples of physical, financial, and institutional achievement.

Water (climate/food/energy) organizations

The strengthening of all primary functions could be demonstrated by the flow of research results applicable to
water organizations’ irrigation primary functions (planning, design, operation, and maintenance), upgrading
water organizations’ staff capabilities and effectiveness to execute the previous functions. To that end, the vision
of the following components should be clear: water research activities, professional development activities, and
irrigation improvement.

For some designed climate, water, food, and energy (CWFE) nexus components, it is practicable to trace the
impact at the nexus goal, subgoal, and objective levels by quantifying variables correlated to crop production or
water control and reliability (irrigation improvement, preventive maintenance, hydraulic structures rehabilitation
and replacement, information technology, artificial intelligence, planning studies, and mathematical models).
Other supporting components including (professional development, training, capacity building, nexus prepara-
tion, nexus feasibility, advanced nexus (climate, water, food, and energy) research, futurology and sustainability
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Figure 5. Objective hierarchy of climate, water, food, and energy (CWFE) nexus.
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studies, survey and mapping, and advanced technologies) directly strengthen designed climate, water, food, and
energy (CWFE) nexus at the objective level.

At the subgoal level of improving the operation freshwater distribution efficiency for agricultural irrigation
and other uses, the impact of a few components can be directly traced to the climate, water, food, and energy
(CWFE) nexus objectives. This subgoal objective is measured by the truth that farmers have adequate and pre-
dictable water supplies and water is freed up for agricultural and other uses. To that end, the contribution of the
planning studies; mathematical models; information technology; artificial intelligence; preventive maintenance;
hydraulic structures rehabilitation; water research, professional development; and irrigation improvement; are
should be clear through the strengthening performance of irrigation equilibrium indicators (IEIs).

The function of professional development concerning the training activities conducted by all designed climate,
water, food, and energy (CWFE) nexus components. The task of information technology, artificial intelligence,
planning studies, and mathematical models is utilizing real-time data provided by advanced technologies for
better operation of the allocation system. Contribution of advanced water and nexus research, futurology, and
sustainability studies to problems and issues of concern to other CWFE nexus components. Interaction between
preventive maintenance, hydraulic structures rehabilitation, and replacement, to set optimal schedules of main-
tenance versus replacement.

The overall CWFE nexus components

The following section is devoted to tracing components to perform the overall CWFE nexus objectives concern-
ing the prescribed four levels. Equilibrium indicators of the CWFE nexus components should focus on improve-
ment impact analysis. So, Equilibrium indicators concentrate on how to strengthen the water organizations’ capa-
bility and capacity for planning, design, operation, and maintenance either directly or indirectly as given below:

Planning and design

The strengthening of Planning and Design items could be demonstrated by the ability of water organizations
to implement projects and programs that are well designed, carefully analyzed, qualitatively implemented, and
adequately financed. To this effect, the mission of the following components should be clear: planning studies;
mathematical models; survey and mapping; project preparation; project feasibility; and irrigation improvement.

Operation

The strengthening of operation items could be demonstrated by smart utilization of the hydraulic structures
and improved control of the freshwater distribution resulting in timely allocation of the proper amounts to end
users on a fair basis. To this effect, the mission of the following components should be clear: planning studies;
mathematical models; information technology; artificial intelligence (AI); and irrigation improvement.

Maintenance

The strengthening of maintenance items could be demonstrated by having an irrigation scheme that is maintained
to prolong infrastructure investment. To that end, the contribution of the following components should be clear:
preventive maintenance; hydraulic structures rehabilitation and replacement.

Irrigation equilibrium indicators (IEls)

Equilibrium indicators ideally should gauge an impact, have limited numbers (few), be objectively measured, have
high validity, and have their data easily collected. The focus is on improvement programs of hydraulic structures,
water techniques (irrigation schemes and drainage practices), and water governance organizations, as follows:

Hydraulic structures improvement program

Quantity of freshwater delivered to users at the sample canal end.

Quantity of water utilized within a given canal command.

Number of complaints from water users over a year.

Number of days of irrigation compensation following off periods in the rotations over a year.

Water (irrigation schemes and drainage practices) improvement program

® Yield is measured at the threshold, middle, and tail ends of a small demonstration irrigation canal (mesqa).

e Adequacy of freshwater (delivery of required amounts of water) is measured at the threshold, middle, and
end of the small demonstration canal (mesqa).

® Progress in improvement program execution manifested by the sample area fully improved each year.

e Amount of water spilled unused to the drainage system at the tail end of sample canals.

e The volume of complaints from water users along the canal, and disputes between neighboring directorates
(the downstream directorates are not receiving their full share).

e Number of key points along the irrigation schemes and drainage practices covered in yearly flow issued
reports.
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® Percentage (regarding total area and different agricultural seasons) of high-quality aerial photography and
various kinds of maps suitable for planning, design, and monitoring purposes of irrigation schemes and
drainage practices.

® Percentage (regarding of total area and different agricultural seasons) of photo interpretation methods to
provide necessary data for other climate, water, food, and energy (CWFE) nexus components and depart-
ments within the water organizations.

Water organizations improvement program

® Percentage of professionals within the water organizations who are familiar with the advanced technologies,
and their capabilities to use mathematical models, information technology, and artificial intelligence.

® Percentage of study reports that illustrate the merits of the advanced technologies used over current practices
in predicting inflow to channels and waterways, operating the hydraulic structures, and water distributing
via the irrigation scheme.

e Equilibrium indicator matrix that incorporates relevance, status, and utilization of all advanced technologies,
(100% for best performance).

e Number of studies (hydrological, technical, feasibility, environmental impact assessment (EIA), risk assess-
ment, ...) completed each year for projects included in the water organizations five-year plan.

e Number of studies (hydrological, technical, feasibility, environmental impact assessment (EIA), risk assess-
ment, ...) completed for other components of climate, water, food, and energy (CWFE) nexus.

® Professional Development concerning growth in professional course enrollment, number, duration, and their
scientific levels within water organizations.

® DPercentage of professional courses in advanced technologies utilization to other courses within water organi-
zations.

e Satisfaction of trainees, trainee supervisors, and instructors about training environment and professional
courses.

® A number of acceptable technical reports produced each year addressing problems and concerns related to
the water organizations or the climate, water, food, and energy (CWFE) nexus at large.

e Number, Category, Rank, Percentile, and impact of technical papers published in referred journals or scien-
tific conferences relevant to the water organizations or the climate, water, food, and energy (CWFE) nexus
at large.

Optimize CWFE nexus synergies using IEls

The Irrigation equilibrium indicators (IEIs) could be applied to Optimize climate, water, food, and energy
(CWFE) nexus synergies. The equilibrium indicators could be measured by the impact traced through the
objective hierarchy achievement displayed in Fig. 5 by the integrated components of the climate, water, food, and
energy (CWFE) nexus. At the goal level, the primary measure of objective fulfillment is the sustainable future
yield. The influence of the integrated climate, water, food, and energy (CWFE) nexus could be reflected through
the global indicator given by Eq. (15). The influence of the Improvement Project could be directly measured at
that level through equilibrium indicators. The different components directly affect the subgoals of better operat-
ing efficiency and control, leading to indirectly contributing to achieving the main goal. These components lead
to improved delivery (adequacy, reliability, and uniformity) along the canal and mesqa systems which would
automatically cause the yield increase.

The yield, revenue, and agricultural production could be used as indicators of sustainable irrigated agricul-
ture (SIA) (climate, water, food, and energy (CWFE) nexus goal), and water investment efficiency in irrigation
(CWEE subgoal). Capacity building and training should be linked to the CWFE purpose of strengthening the
water organizations’ capabilities for planning, design, operation, and maintenance. Then, sustainability and future
requirements concerning the effectiveness of CWFE equilibrium indicators should be strengthened.

A major equilibrium indicator of the effectiveness of sustainable irrigated agriculture is that of crop yield.
The yield (P.U.) area in main crops (wheat, rice, maize, cotton, sugar cane) should be acceptable for farmers and
investors. Farmers’ desire to increase yields (P.U.) area should depend on high prerequisite levels of all agricultural
process inputs, abundance of freshwater, and sophisticated, and sustainable practices for crop husbandry. The
agricultural yield should ultimately achieve strategic objectives at the local, national, and global levels.

Water application (Irrigation) system efficiency is often the focus in the quest for increased yield (P.U.) of
freshwater and for agricultural water conservation. The concept of efficiency is reflected in the three global
indicators given by Egs. (15), (16) and (17) expressing respectively the worth of agricultural production (P.U.)
of freshwater used, the extent of the area in production (P.U.) of freshwater used, and the actual water require-
ment relative to the quantity of water allocated (for a unit area). The climate, water, food, and energy (CWFE)
nexus impact on a given canal command could be observed through the usage of the foregoing three indicators.

Discussion

The synergy between sustainable development keystones (e.g., water, energy, food ...) and goals (e.g., no poverty,
no hunger, good health, clean water, clean energy, Peace ...) is a must to ensure a sustainable and illustrious
future. The nexus concept has recently been employed to highlight the interconnected relationship governing
water, food, and other sustainable development keystones. Water, food, energy, and climate are must to sustain
life and quality of life nationally and globally. In the context of water-food-energy nexus, recent scholars’ interests
and objectives included practices of sustainable agriculture'”, African countries'®, Drylands", rooftop gardening

Scientific Reports |

(2024) 14:11433 | https://doi.org/10.1038/s41598-024-61372-0 nature portfolio



www.nature.com/scientificreports/

in urban areas®, cities?!, resilience and sustainability??, land use?, solar panels®*, simultaneously, the probable
and unforeseeable consequences of floating solar panels on water reservoirs should be assessed”. Some other
scholars have extended water-food-energy nexus to involve other various keystones, (e.g., ecology?, forests?’,
Carbon dioxide (CO,) emissions?®).

In another context, a meta-approach perspective for water as the bio of life and a keystone of global goals
(GGs) was introduced®. A holistic water framework composed of Demographics, Ecological, Environmental,
Political, Economic, Social, and Technological (DEEPEST) drivers was presented. The components are Demo-
graphics (e.g., population growth, densities, and migration, ...), Ecological (e.g., ecosystems, aquatic ecosystems,
and freshwater ecosystems, ...), Environmental (e.g., climate change, drought, desertification, irrigation, and
drainage ...), Political (e.g., water policy, political stability, war, conflict, and peace, ...), Economic (e.g., circular
economy, global markets, agricultural economics, hydro-economic models, commercial water demand, ...),
Social (e.g., education, communications, awareness, poverty, and well-being, ...), and Technological (e.g., emerg-
ing technologies, nanotechnology, biotechnology, and digital technologies, ...).

Water at time of war, river fragments, and climate change

Politicizing or militarizing water, food, and agriculture-sensitive issues should be absolutely prevented. Military
actions related to armed conflict have a severe negative impact on water infrastructure and water resources. Con-
sequently, most Global Goals (GGs) could be very difficult or impossible to fulfill. Water sustainability-related
harms in future armed conflicts should thoroughly be prevented™. As a recent example, the Russia-Ukraine
military conflict negatively impacted water reservoirs, dams, and water infrastructure®’. The damage to the water
infrastructure (irrigation, water supply, flood protection, drainage, and sanitation sector) is inclusively evaluated
to be US$2.6 billion. Food security, food crises, and agrifood systems should be reconsidered due to the war*>.
The key strategic adverse impact is on agriculture®***. Food production was negatively impacted by geopolitical
crises, and weather events®, the Russia-Ukraine armed conflict®®.

Shaping future plans for sustainable freshwater supply in the conflict regions and ensuring water infra-
structure and systems rehabilitation were proposed?®. The impacts of other armed conflicts on freshwater
resources were reported (e.g., freshwater Lake Chad, Africa®, water deficit and drought, Central America®.
Transboundary water cooperation and collaborations are necessitated to build peace and resilience*' and sustain-
able development*2. Policy actions should enhance environmental solutions and remove or reduce barriers*.

Obviously, more pressures would be generated from nature, global change, climate change, and/or man-
made hazards necessitating more serious and immediate actions. Multiple dams on the world’s great rivers (e.g.,
Amazon, Mekong, and Congo), adversely impact hydrology, ecosystem, and river sediments*. Dam construc-
tion fragments the river regime, and dam operation regulates discharge, and impacts hydrological, nutrient, and
sediment processes®. Considerable irrigation schemes have become inactive and failed to be effective for the
development in sub-Saharan Africa (SSA)*.

Sustainable irrigation and agriculture

The positive impact of perennial irrigation and its related drainage works on soil, people, and welfare has been
emphasized since the nineteenth century*. As old as the Pharaohs, Egyptian irrigation practice is an art, and
culture that made the Nile valley the European granary*®. In Egypt, the concept of perennial irrigation was
known®. In India, (Bharat), Irrigation—as a powerful action against drought—combated famine, mitigated
horrors, prevented terrible disasters, and protected lives™. Since ancient times, the additional value of irrigation
as a means to optimize the productive efficiency of every water drop has been investigated examples included
fertilizing soil®!, intensifying cultivation, and fruiting arable land*?, maintaining crops productivity by reducing
soil alkalinity, and salts concentration®, economizing water in arid regions®, inhibiting Smut Diseases**, maxi-
mizing the fruit and seed yield at flowering®, and determining seawater irrigation impact on soil microflora®’.
Recently, on the other side, ecologists and environmentalists have combated the execution of irrigation plans
without considering possible environmental impacts generated by the irrigation scheme®, environmental impacts
could include for example, aggravating waterlogging, and water-retentive soil areas, decreasing crop yields,
submerging archaeological sites, and resettling displaced people®.

The necessity of sustainable irrigation was emphasized by many scholars (e.g.,**). Surface water include riv-
ers, streams, water courses, channels ... etc. Groundwater includes aquifers, springs, wells ... etc. Groundwater
depletion accelerates globally, [e.g., the world,”!, United States,*?, India,**, Pakistan,*, South Asia,®]. Conjunc-
tive surface and groundwater management could build a resilient water future®®. The global hydrological model
(GHM) has been employed to assess irrigation scenarios for bioenergy crop plantations®. In the United States,
sustainable cropping systems have been proposed based on the irrigation scheme which is plant-centric®®,

Sustainable agriculture has recently acquired more attention. A structural equation model (SEM) has been
utilized to assess how aging threatens sustainable farming in China®. An agricultural nitrogen (N) blueprint to
maximize agricultural yields, food sufficiency, ecological performance, and environmental sustainability and
minimize nitrogen (N) consumption has been established”.

Irrigation equilibrium indicators

In designing irrigation equilibrium indicators for a sustainable irrigated agriculture (SIA) project with its various
components, it is important to distinguish between various kinds of indicators. In designing irrigation equilib-
rium indicators, one should give due attention to the project’s time factor. Are the performance indicators going to
be applied during the project execution period or they will be used after the project completion? In other words,
which of these questions we are trying to answer through the usage of the indicators: Is progress happening? or
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did it happen? This is a significant factor to avoid traps in selecting suitable indicators since some activities need
along time to materialize, especially those about institutional changes.

Identifying correct performance variables is a complex process that must have input from various disciplines
concerned with irrigated agriculture. The main set of guidelines for analyzing actual performance concern
the identification of performance indicators and variables for evaluating irrigation scheme performance. Each
component of the climate, water, food, and energy (CWFE) nexus would have specific objectives and an array of
required outputs. Each component should somehow strengthen the overall objectives (OGs) of the sustainable
irrigated agriculture (SIA) project. Indicators that are relevant to measure the performance of a specific com-
ponent are designated micro indicators while those pertaining to the overall project objectives are designated
macro indicators. Too many indicators could cause concentration loss and may diffuse issues. In designing
performance indicators, one should be careful not to build traps. For instance, the sustainability of irrigation
water users’ associations as an indicator is as difficult to measure as marriage sustainability. It takes a very long
time to develop sustainable water user associations.

Ideally, the indicators should be cost-effective and quantitative where numbers are assigned to measure the
performance level objectively. Performance indicators could be used by others to produce the same or similar
results. Sometimes it is very difficult to arrive at quantitative indicators and qualitative indicators are the maxi-
mum that can be achieved. Indicators are needed that ideally meet the following criteria: few, have validity, can
show an effect, can be objectively measured, and data needed could be collected quickly and efficiently. Equi-
librium indicators could measure the magnitude of outputs to be compared to a desired predetermined level to
reflect the climate, water, food, and energy (CWFE) nexus’s success in meeting its objectives. The effectiveness
of output regarding its relevance and quality is also important.

Unconventional water resources and Irrigation efficiency

The main thrust of the climate, water, food, and energy (CWFE) nexus activities on the Sustainable irrigated
agriculture (SIA) is to strengthen the overall reliability. When utilizing reuse of irrigation scheme loss (seep-
age, deep percolation, runoff ... etc.); and when considering unconventional water resources techniques (reuse
of domestic wastewater, agricultural drainage ...etc.), the overall irrigation scheme efficiency in country like
Egypt could be about 95%. In the case of quite high irrigation scheme efficiency, opportunities for conserving
freshwater by enhancing the irrigation efficiency at the local level have little room to be optimized. In that case,
climate, water, food, and energy (CWFE) nexus activities on the farm level focus on improving the system flex-
ibility to allow for better scheduling and improving system control to give tailenders a fair chance to utilize their
adequate share of water.

The effect of irrigation improvement activities on both the quantity of drainage water and on the underlying
groundwater conditions should be studied to be able to address quantitively the effect of localized improvement
activities on the overall water balance and the integrated system efficiency. It is important to assess and monitor
the performance of each individual component and see that the nexus is achieving its goals.

In the case of agricultural civilizations like Egypt, using traditional irrigation schemes could already produce
fruitful yields at a very high level. Therefore, equilibrium indicators could focus on the variation of yield along
the mesqa, or along the supply canal rather than the yield in absolute terms. The increase in yield due to climate,
water, food, and energy (CWFE) nexus components reflects the effects of better scheduling and improved system
reliability and control. Yields at the tail ends of the mesqa or canal are anticipated to intensify and consequently,
the overall production sustainably increases.

The multidisciplinary approach and future perspective

The function and objectives of climate, water, food, and energy (CWFE) nexus components are related to
intermeshing boundaries. Communication and interaction between these components should be investigated.
Examples of areas of interaction are given. Training activities should be related to all climate, water, food, and
energy (CWFE) nexus components, and concentrated on the overlap regions within the nexus. Roadmaps, tools,
and models produced by futurology, planning studies, and mathematical models could be applied to enhance
the operation of the irrigation delivery system. Strengthening role of the information technology, and artificial
intelligence in the monitoring, evaluation, and performance measurement of climate, water, food, and energy
(CWFE) nexus activities. A possible example is a close interaction between water allocation practice, irrigation
schemes, and irrigation improvement activities. Close interaction between preventive maintenance, and hydraulic
structures rehabilitation and replacement, to set optimal schedules of maintenance versus replacement.

The vision of artificial intelligence (AI) was highlighted in the context of water, agriculture, and sustainable
development. Artificial intelligence (AI) computerizations would support the water, food, and energy sectors”.
Responsible application of artificial intelligence in water systems (e.g., management, design, operation, main-
tenance, water justice, and emergency response, ...) was emphasized’?. Artificial intelligence (AI) and machine
learning (ML) were suggested to enable sustainable precision agriculture by application of nanotechnology,
nanomaterials, and nanoinformatics”. Biodiversity is a key physical contributor to people’s lives and ecosystem
services (e.g. clean water, food, pollination, clothing, and medicine, and many other contributions ...), usage of
artificial intelligence and reinforcement learning to improve biodiversity protection was discussed’. Risks and
reliability of artificial intelligence and machine learning in agriculture were discussed”.

Many studies could be recommended to measure the influence of the CWFE nexus on the performance of
the irrigation scheme. Examples of such studies are given Monitoring, assessing, and analyzing the influence of
irrigation efficiency improvement components on optimizing production and water control in the cultivable
command areas (CCA). Integrated or individual impact of hydraulic structures rehabilitation and replacement,
preventive maintenance, and artificial intelligence, on reliability and control of irrigation practices. Merits of
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using the advanced (climate, water, food, and energy) nexus research, futurology, and sustainability studies, to
enhance the irrigation scheme performance over the current practices based on experience or rules of thumb.

Studies to answer the following fundamental question of "how to optimize irrigation scheme efficiency?"
are still necessitated. Answering such a question would lead to an accurate estimate of the quantity of water
that could be conserved for other uses. Equilibrium indicators outlined in this study would be beneficial in this
regard. It is further required to validate and apply the proposed indicators to actual field conditions. This would
necessitate collaboration among all components to obtain available data or take the necessary steps to monitor
and collect the required data. Examples of studies that are necessitated to judge the impact and usefulness of the
climate, water, food, and energy (CWFE) nexus are given: Monitoring and analyzing the irrigation improvement
activities on the agricultural production, and water control in the command areas under improvement. Merits
of using artificial intelligence s over current practices based on experience or rules of thumb. The integrated or
individual impact of hydraulic structures rehabilitation and replacement, Preventive Maintenance, informa-
tion technology, and artificial intelligence on the reliability and control of the main delivery system. Impact of
training activities on job performance. The optimizing CWFE nexus is a pathway for comprehensive mecha-
nism for sustainable irrigated agriculture (SIA). The optimization of the CWFE nexus is a logical pathway for a
comprehensive mechanism for sustainable irrigated agriculture (SIA). The influence of the (CWFE nexus and
its contributions to sustainable irrigated agriculture (SIA) performance and agricultural production could be a
good path for future improvements.

The final concern is what could happen if there will not be sustainable finance. The question of sustainability
becomes of prime importance. Careful attention should be given to providing means of budget availability,
continued staff, and priority criteria for both activities and programs.

Conclusions

Multidisciplinary, cross-sectoral, and trans-disciplinary approaches to develop innovative tools for effective
water, food, and energy management in the context of climate-adaptive policies have been applied. Sustainable,
smart, and inclusive development and wisely rationalizing utilization of natural resource treasures are vital for
humanity, life, and sustainability. Sustainability of man-made and natural resources related to their ability to
remain in business. The equilibrium state in the sustainability context could be comprehended as the balance,
and adaptation of competing actions, divergent influences, and/or opposing forces, in both static and dynamic
situations for all man-made and natural modules components, and elements. For the sustainability situation,
the ultimate measure of equilibrium is sustainable productivity and yields, environmental balance, optimal
economic returns, and social status development. The goal of the Irrigation equilibrium indicators (IEIs) could
be stated as: “Effective control of surface water and groundwater for optimal climate adaptation and optimal
allocation for agriculture, to maximize freshwater, agricultural, and energy, productivity”. For each development
objective, equilibrium indicators exist that describe how well a scheme is meeting an objective. For example,
equity, adequacy, and reliability of freshwater delivery can indicate how the water control purpose is being met.
It is a must to analyze the system equilibrium to see whether the objectives are being achieved. This is done by
comparing actual performance with potential or desired performance. The gap between actual and desired system
performance begins to establish the priority problem areas where the performance is low. Contributing factors
to the priority problem areas should be delineated. Recommendations are then formulated to establish goals
to resolve these contributing factors. A rapid appraisal may not provide time and resources for measuring the
scheme performance in attaining an objective, thus equilibrium indicators may provide a basis for understanding
the status of scheme performance. Irrigation and yield efficiency could be good equilibrium indicators. The key
equilibrium indicators could describe the status at the termination of the sustainable irrigated agriculture (SIA)
project. Concerning water organizations, capabilities should be enhanced in all primary functions of planning,
design, operation, and maintenance. Therefore, the technical goal is “enhancement of the operating freshwater
distribution efficiency for agricultural irrigation and other water applications” Hence, the Water organizations’
capabilities and capacities to plan—design—build—operate—maintain (PDBOM) would be accordingly strength-
ened. At the project component level, objectives are stated with the expected magnitude of output. The equilib-
rium indicators implemented by Water organizations could often necessitate strengthening advanced capabilities
in planning, designing, operating, and maintaining the irrigation scheme for sustainable irrigated agriculture
(SIA). Water organizations’ role in planning, design, operation, and maintenance should be strengthened as an
urgent and pivotal opportunity to cope with global, regional, and national challenges. Their capabilities in the
climate, water, food, and energy (CWFE) nexus should be reinforced to accelerate action toward global goals.
To ensure sustainability, future studies, planning models, project preparation, information technology, advanced
technologies, and system management components could provide effective tools and integrated services to water
organizations for sustainable system operation and management. It is valuable to mention that more cooperation
among different components paves the road for more positive impact achievements.

Data availability

The datasets used and/or analyzed are available from the author on reasonable request.

Received: 2 January 2024; Accepted: 6 May 2024
Published online: 19 May 2024

References
1. Damerau, K., Waha, K. & Herrero, M. The impact of nutrient-rich food choices on agricultural water-use efficiency. Nat. Sustain.
2,233-241. https://doi.org/10.1038/s41893-019-0242-1 (2019).

Scientific Reports |

(2024) 1411433 | https://doi.org/10.1038/s41598-024-61372-0 nature portfolio


https://doi.org/10.1038/s41893-019-0242-1

www.nature.com/scientificreports/

2. FAO. The State of the World’s Land and Water Resources for Food and Agriculture—Systems at breaking point. Main report. Rome
(2022). https://doi.org/10.4060/cb9910en

3. Batisha, A. A lighthouse to future opportunities for sustainable water provided by intelligent water hackathons in the Arabsphere.
Humanit. Soc. Sci. Commun. 10, 675. https://doi.org/10.1057/s41599-023-02146-3 (2023).

4. Abbasi, K. et al. Reducing the risks of nuclear war—the role of health professionals. Pediatr. Res. 95, 585-586. https://doi.org/10.
1038/s41390-023-02850-5 (2024).

5. Ray, D. K. Even a small nuclear war threatens food security. Nat. Food 3, 567-568. https://doi.org/10.1038/s43016-022-00575-y
(2022).

6. Xia, L. et al. Global food insecurity and famine from reduced crop, marine fishery and livestock production due to climate disrup-
tion from nuclear war soot injection. Nat. Food 3, 586-596. https://doi.org/10.1038/s43016-022-00573-0 (2022).

7. Kheirinejad, S. et al. The effect of reducing per capita water and energy uses on renewable water resources in the water, food and
energy nexus. Sci. Rep. 12, 7582. https://doi.org/10.1038/s41598-022-11595-w (2022).

8. Zarei, S. et al. Developing water, energy, and food sustainability performance indicators for agricultural systems. Sci. Rep. 11,
22831. https://doi.org/10.1038/s41598-021-02147-9 (2021).

9. Deng, L. et al. Multi-objective optimization of water resources allocation in Han River basin (China) integrating efficiency, equity
and sustainability. Sci. Rep. 12, 798. https://doi.org/10.1038/s41598-021-04734-2 (2022).

10. Dong, Z. et al. Multi-objective optimal water resources allocation in the middle and upper reaches of the Huaihe River Basin
(China) based on equilibrium theory. Sci. Rep. 12, 6606. https://doi.org/10.1038/s41598-022-10599-w (2022).

11. Kakraliya, S. K. et al. Energy and economic efficiency of climate-smart agriculture practices in a rice-wheat cropping system of
India. Sci. Rep. 12, 8731. https://doi.org/10.1038/s41598-022-12686-4 (2022).

12. Xu, S. et al. Delayed use of bioenergy crops might threaten climate and food security. Nature 609, 299-306. https://doi.org/10.
1038/541586-022-05055-8 (2022).

13. Bozorgzadeh, E. & Mousavi, S. J. Water-constrained green development framework based on economically-allocable water
resources. Sci. Rep. 13, 5306. https://doi.org/10.1038/s41598-023-31550-7 (2023).

14. Huang, Y. et al. A study on the effects of regional differences on agricultural water resource utilization efficiency using super-
efficiency SBM model. Sci. Rep. 11, 9953 https://doi.org/10.1038/s41598-021-89293-2 (2021).

15. Rezaee, A., Bozorg-Haddad, O. & Chu, X. Reallocation of water resources according to social, economic, and environmental
parameters. Sci. Rep. 11, 17514. https://doi.org/10.1038/s41598-021-96680-2 (2021).

16. Ren, M. et al. Enhanced food system efficiency is the key to China’s 2060 carbon neutrality target. Nat. Food 4, 552-564. https://
doi.org/10.1038/543016-023-00790-1 (2023).

17. Gao, H. et al. Assessment of sustainable agricultural development based on the water-energy-food nexus framework in the middle
and upper reaches of the Yellow River, China. Environ. Sci. Pollut. Res. 30, 96040-96054. https://doi.org/10.1007/s11356-023-
29222-0 (2023).

18. Molefe, T. & Inglesi-Lotz, R. Examining the water-energy-food (WEF) nexus through an SDG lens for the big 5 African countries.
Environ. Dev. Sustain. https://doi.org/10.1007/s10668-022-02650-7 (2022).

19. Barron-Gafford, G. A. et al. Agrivoltaics provide mutual benefits across the food—energy-water nexus in drylands. Nat. Sustain.
2, 848-855. https://doi.org/10.1038/541893-019-0364-5 (2019).

20. Meng, E et al. The food-water-energy nexus and green roofs in Sao Jose dos Campos, Brazil, and Johannesburg, South Africa. npj
Urban Sustain 3, 12. https://doi.org/10.1038/s42949-023-00091-3 (2023).

21. Covarrubias, M. The nexus between water, energy and food in cities: Towards conceptualizing socio-material interconnections.
Sustain. Sci. 14(2), 277-287. https://doi.org/10.1007/s11625-018-0591-0 (2019).

22. Huntington, H. P. et al. Applying the food-energy-water nexus concept at the local scale. Nat. Sustain. 4, 672-679. https://doi.
0rg/10.1038/s41893-021-00719-1 (2021).

23. Van Vuuren, D. P. et al. Integrated scenarios to support analysis of the food-energy-water nexus. Nat. Sustain. 2, 1132-1141.
https://doi.org/10.1038/s41893-019-0418-8 (2019).

24. McKuin, B. et al. Energy and water co-benefits from covering canals with solar panels. Nat. Sustain. 4, 609-617. https://doi.org/
10.1038/s41893-021-00693-8 (2021).

25. Jin, Y. et al. Energy production and water savings from floating solar photovoltaics on global reservoirs. Nat. Sustain. 6, 865-874.
https://doi.org/10.1038/s41893-023-01089-6 (2023).

26. Ly, C. et al. Comprehensive evaluation and obstacle factors of coordinated development of regional water-ecology-energy-food
nexus. Environ. Dev. Sustain. https://doi.org/10.1007/s10668-023-03450-3 (2023).

27. Melo, E. P. L. et al. Adding forests to the water-energy-food nexus. Nat. Sustain. 4, 85-92. https://doi.org/10.1038/s41893-020-
00608-z (2021).

28. Xu, Z. et al. Impacts of irrigated agriculture on food-energy-water-CO, nexus across metacoupled systems. Nat. Commun. 11,
5837. https://doi.org/10.1038/s41467-020-19520-3 (2020).

29. Batisha, A. Horizon scanning process to foresight emerging issues in Arabsphere’s water vision. Sci. Rep. 12, 12709. https://doi.
org/10.1038/s41598-022-16803-1 (2022).

30. Sustain, N. Urgent action is needed to restore the water sector in Ukraine. Nat. Sustain. 6, 491-492. https://doi.org/10.1038/
$41893-023-01070-3 (2023).

31. Shumilova, O. et al. Impact of the Russia—-Ukraine armed conflict on water resources and water infrastructure. Nat. Sustain. 6,
578-586. https://doi.org/10.1038/s41893-023-01068-x (2023).

32. McGreevy, S. R. et al. Sustainable agrifood systems for a post-growth world. Nat. Sustain. 5, 1011-1017. https://doi.org/10.1038/
$41893-022-00933-5 (2022).

33. Sustain, N. The multiple impacts of war. Nat. Sustain. 6, 479-480. https://doi.org/10.1038/s41893-023-01146-0 (2023).

34. World Bank; Government of Ukraine; European Union; United Nations. Ukraine Rapid Damage and Needs Assessment: February
2022-February 2023. World Bank Group. (2023). https://go.nature.com/3LVv555

35. Cottrell, R. S. et al. Food production shocks across land and sea. Nat. Sustain. 2, 130-137. https://doi.org/10.1038/s41893-018-
0210-1 (2019).

36. Laber, M. et al. Shock propagation from the Russia—Ukraine conflict on international multilayer food production network deter-
mines global food availability. Nat. Food 4, 508-517. https://doi.org/10.1038/543016-023-00771-4 (2023).

37. Food, N. Indirect effects of the Russia—Ukraine conflict have an impact on global food availability. Nat. Food 4, 550-551. https://
doi.org/10.1038/s43016-023-00786-x (2023).

38. Xenarios, S. Water at time of war. Nat. Sustain. 6, 485-486. https://doi.org/10.1038/s41893-023-01065-0 (2023).

39. Galli, N. et al. Socio-hydrological features of armed conflicts in the Lake Chad Basin. Nat. Sustain. 5, 843-852. https://doi.org/10.
1038/541893-022-00936-2 (2022).

40. Sardo, M. et al. Exploring the water—food nexus reveals the interlinkages with urban human conflicts in Central America. Nat.
Water 1, 348-358. https://doi.org/10.1038/s44221-023-00053-0 (2023).

41. Palmer, L. Solving twin crises. Nat. Sustain. 5, 816-817. https://doi.org/10.1038/s41893-022-00973-x (2022).

42. Vinca, A. et al. Transboundary cooperation a potential route to sustainable development in the Indus basin. Nat. Sustain. 4,
331-339. https://doi.org/10.1038/s41893-020-00654-7 (2021).

Scientific Reports|  (2024)14:11433 | https://doi.org/10.1038/541598-024-61372-0 nature portfolio


https://doi.org/10.4060/cb9910en
https://doi.org/10.1057/s41599-023-02146-3
https://doi.org/10.1038/s41390-023-02850-5
https://doi.org/10.1038/s41390-023-02850-5
https://doi.org/10.1038/s43016-022-00575-y
https://doi.org/10.1038/s43016-022-00573-0
https://doi.org/10.1038/s41598-022-11595-w
https://doi.org/10.1038/s41598-021-02147-9
https://doi.org/10.1038/s41598-021-04734-2
https://doi.org/10.1038/s41598-022-10599-w
https://doi.org/10.1038/s41598-022-12686-4
https://doi.org/10.1038/s41586-022-05055-8
https://doi.org/10.1038/s41586-022-05055-8
https://doi.org/10.1038/s41598-023-31550-7
https://doi.org/10.1038/s41598-021-89293-2
https://doi.org/10.1038/s41598-021-96680-2
https://doi.org/10.1038/s43016-023-00790-1
https://doi.org/10.1038/s43016-023-00790-1
https://doi.org/10.1007/s11356-023-29222-0
https://doi.org/10.1007/s11356-023-29222-0
https://doi.org/10.1007/s10668-022-02650-7
https://doi.org/10.1038/s41893-019-0364-5
https://doi.org/10.1038/s42949-023-00091-3
https://doi.org/10.1007/s11625-018-0591-0
https://doi.org/10.1038/s41893-021-00719-1
https://doi.org/10.1038/s41893-021-00719-1
https://doi.org/10.1038/s41893-019-0418-8
https://doi.org/10.1038/s41893-021-00693-8
https://doi.org/10.1038/s41893-021-00693-8
https://doi.org/10.1038/s41893-023-01089-6
https://doi.org/10.1007/s10668-023-03450-3
https://doi.org/10.1038/s41893-020-00608-z
https://doi.org/10.1038/s41893-020-00608-z
https://doi.org/10.1038/s41467-020-19520-3
https://doi.org/10.1038/s41598-022-16803-1
https://doi.org/10.1038/s41598-022-16803-1
https://doi.org/10.1038/s41893-023-01070-3
https://doi.org/10.1038/s41893-023-01070-3
https://doi.org/10.1038/s41893-023-01068-x
https://doi.org/10.1038/s41893-022-00933-5
https://doi.org/10.1038/s41893-022-00933-5
https://doi.org/10.1038/s41893-023-01146-0
https://go.nature.com/3LVv555
https://doi.org/10.1038/s41893-018-0210-1
https://doi.org/10.1038/s41893-018-0210-1
https://doi.org/10.1038/s43016-023-00771-4
https://doi.org/10.1038/s43016-023-00786-x
https://doi.org/10.1038/s43016-023-00786-x
https://doi.org/10.1038/s41893-023-01065-0
https://doi.org/10.1038/s41893-022-00936-2
https://doi.org/10.1038/s41893-022-00936-2
https://doi.org/10.1038/s44221-023-00053-0
https://doi.org/10.1038/s41893-022-00973-x
https://doi.org/10.1038/s41893-020-00654-7

www.nature.com/scientificreports/

43. Meckling, J. & Karplus, V.. Political strategies for climate and environmental solutions. Nat. Sustain. 6, 742-751. https://doi.org/
10.1038/541893-023-01109-5 (2023).

44. Winemiller, K. O. et al. Balancing hydropower and biodiversity in the Amazon, Congo, and Mekong. Science 351, 128-129. https://
doi.org/10.1126/science.aac7082 (2016).

45. Galelli, S. et al. Opportunities to curb hydrological alterations via dam re-operation in the Mekong. Nat. Sustain. 5, 1058-1069.
https://doi.org/10.1038/s41893-022-00971-z (2022).

46. Higginbottom, T. P. et al. Performance of large-scale irrigation projects in sub-Saharan Africa. Nat. Sustain. 4, 501-508. https://
doi.org/10.1038/541893-020-00670-7 (2021).

47. Nature. Egyptian irrigation. Nature 44, 145. https://doi.org/10.1038/044145a0 (1891).

48. Moncrieff, C. Note on Egyptian irrigation. Nature 44, 151-153. https://doi.org/10.1038/044151e0 (1891).

49. Lockyer, J. Perennial irrigation in Egypt. Nature 50, 80-82. https://doi.org/10.1038/050080a0 (1894).

50. Nature. Indian irrigation and its relation to famines. Nature 70, 358-359. https://doi.org/10.1038/070358a0 (1904).

51. Friend, H. Ooze and irrigation. Nature 83, 427. https://doi.org/10.1038/083427c0 (1910).

52. C., B. Artificial Irrigation in the Western States of North Americal. Nature 97, 17-18 (1916). https://doi.org/10.1038/097017b0

53. Cunningham, B. Indian irrigation. Nature 100, 274-275. https://doi.org/10.1038/100274a0 (1917).

54. Giglioli, I. Vertical-pipe irrigation for orchards and market-gardens in arid climates. Nature 104, 276-277. https://doi.org/10.1038/
104276d0 (1919).

55. Jones, G. & Nasr, A. Control of four smut diseases by regulation of planting method under irrigation. Nature 142, 917-918. https://
doi.org/10.1038/142917¢0 (1938).

56. Salter, P. & Drew, D. Root growth as a factor in the response of Pisum sativum L. to irrigation. Nature 206, 1063-1064. https://doi.
0rg/10.1038/2061063b0 (1965).

57. Correspondent, S. Sea water for irrigation. Nature 250, 369. https://doi.org/10.1038/250369a0 (1974).

58. Rich, V. Ecology groups combat Chinese irrigation plan. Nature 279, 281. https://doi.org/10.1038/279281a0 (1979).

59. Jayaraman, K. Narmada Valley irrigation plan a test case for World Bank. Nature 335, 583. https://doi.org/10.1038/335583a0 (1988).

60. Yang, Y. et al. Sustainable irrigation and climate feedbacks. Nat. Food 4, 654-663. https://doi.org/10.1038/s43016-023-00821-x
(2023).

61. Jasechko, S. & Perrone, D. Global groundwater wells at risk of running dry. Science 372, 418-421. https://doi.org/10.1126/scien
ce.abc2755 (2021).

62. Liu, P. W. et al. Groundwater depletion in California’s Central Valley accelerates during megadrought. Nat. Commun. 13, 7825.
https://doi.org/10.1038/s41467-022-35582-x (2022).

63. Devineni, N., Perveen, S. & Lall, U. Solving groundwater depletion in India while achieving food security. Nat. Commun. 13, 3374.
https://doi.org/10.1038/s41467-022-31122-9 (2022).

64. MacAllister, D. J. et al. A century of groundwater accumulation in Pakistan and northwest India. Nat. Geosci. 15, 390-396. https://
doi.org/10.1038/s41561-022-00926-1 (2022).

65. Lutz, A. E et al. South Asian agriculture increasingly dependent on meltwater and groundwater. Nat. Clim. Chang. 12, 566-573.
https://doi.org/10.1038/s41558-022-01355-z (2022).

66. Scanlon, B. R. et al. Global water resources and the role of groundwater in a resilient water future. Nat. Rev. Earth Environ. 4,
87-101. https://doi.org/10.1038/s43017-022-00378-6 (2023).

67. Ai, Z. et al. Global bioenergy with carbon capture and storage potential is largely constrained by sustainable irrigation. Nat. Sustain.
4, 884-891. https://doi.org/10.1038/s41893-021-00740-4 (2021).

68. Zhang, J. et al. Sustainable irrigation based on co-regulation of soil water supply and atmospheric evaporative demand. Nat. Com-
mun. 12, 5549. https://doi.org/10.1038/s41467-021-25254-7 (2021).

69. Ren, C. et al. Ageing threatens sustainability of smallholder farming in China. Nature https://doi.org/10.1038/s41586-023-05738-w
(2023).

70. Cai, S. et al. Optimal nitrogen rate strategy for sustainable rice production in China. Nature https://doi.org/10.1038/s41586-022-
05678-x (2023).

71. Vinuesa, R. et al. The role of artificial intelligence in achieving the sustainable development goals. Nat. Commun. 11, 233. https://
doi.org/10.1038/s41467-019-14108-y (2020).

72. Richards, C. E. et al. Rewards, risks and responsible deployment of artificial intelligence in water systems. Nat. Water 1, 422-432.
https://doi.org/10.1038/544221-023-00069-6 (2023).

73. Zhang, P. et al. Nanotechnology and artificial intelligence to enable sustainable and precision agriculture. Nat. Plants 7, 864-876.
https://doi.org/10.1038/s41477-021-00946-6 (2021).

74. Silvestro, D. et al. Improving biodiversity protection through artificial intelligence. Nat. Sustain. 5, 415-424. https://doi.org/10.
1038/541893-022-00851-6 (2022).

75. Tzachor, A. et al. Responsible artificial intelligence in agriculture requires systemic understanding of risks and externalities. Nat.
Mach. Intell. 4,104-109. https://doi.org/10.1038/s42256-022-00440-4 (2022).

Acknowledgements
Open access fees were covered by the Science, Technology & Innovation Funding Authority (STDF) in coopera-
tion with the Egyptian Knowledge Bank (EKB).

Author contributions
The work reported in this paper is formulated by the corresponding and single author.

Funding
Open access funding provided by The Science, Technology & Innovation Funding Authority (STDF) in coopera-
tion with The Egyptian Knowledge Bank (EKB).

Competing interests
The author declares no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-024-61372-0.

Correspondence and requests for materials should be addressed to A.B.

Reprints and permissions information is available at www.nature.com/reprints.

Scientific Reports |

(2024) 1411433 | https://doi.org/10.1038/s41598-024-61372-0 nature portfolio


https://doi.org/10.1038/s41893-023-01109-5
https://doi.org/10.1038/s41893-023-01109-5
https://doi.org/10.1126/science.aac7082
https://doi.org/10.1126/science.aac7082
https://doi.org/10.1038/s41893-022-00971-z
https://doi.org/10.1038/s41893-020-00670-7
https://doi.org/10.1038/s41893-020-00670-7
https://doi.org/10.1038/044145a0
https://doi.org/10.1038/044151e0
https://doi.org/10.1038/050080a0
https://doi.org/10.1038/070358a0
https://doi.org/10.1038/083427c0
https://doi.org/10.1038/097017b0
https://doi.org/10.1038/100274a0
https://doi.org/10.1038/104276d0
https://doi.org/10.1038/104276d0
https://doi.org/10.1038/142917c0
https://doi.org/10.1038/142917c0
https://doi.org/10.1038/2061063b0
https://doi.org/10.1038/2061063b0
https://doi.org/10.1038/250369a0
https://doi.org/10.1038/279281a0
https://doi.org/10.1038/335583a0
https://doi.org/10.1038/s43016-023-00821-x
https://doi.org/10.1126/science.abc2755
https://doi.org/10.1126/science.abc2755
https://doi.org/10.1038/s41467-022-35582-x
https://doi.org/10.1038/s41467-022-31122-9
https://doi.org/10.1038/s41561-022-00926-1
https://doi.org/10.1038/s41561-022-00926-1
https://doi.org/10.1038/s41558-022-01355-z
https://doi.org/10.1038/s43017-022-00378-6
https://doi.org/10.1038/s41893-021-00740-4
https://doi.org/10.1038/s41467-021-25254-7
https://doi.org/10.1038/s41586-023-05738-w
https://doi.org/10.1038/s41586-022-05678-x
https://doi.org/10.1038/s41586-022-05678-x
https://doi.org/10.1038/s41467-019-14108-y
https://doi.org/10.1038/s41467-019-14108-y
https://doi.org/10.1038/s44221-023-00069-6
https://doi.org/10.1038/s41477-021-00946-6
https://doi.org/10.1038/s41893-022-00851-6
https://doi.org/10.1038/s41893-022-00851-6
https://doi.org/10.1038/s42256-022-00440-4
https://doi.org/10.1038/s41598-024-61372-0
https://doi.org/10.1038/s41598-024-61372-0
www.nature.com/reprints

www.nature.com/scientificreports/

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |  (2024) 14:11433 | https://doi.org/10.1038/s41598-024-61372-0 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Multi-disciplinary strategy to optimize irrigation efficiency in irrigated agriculture
	Methods
	Impact of efficiency on yield and agricultural production
	Irrigation efficiency
	The mathematical process
	Efficiency of irrigation water
	The overall climate, water, food, and energy (CWFE) nexus efficiency
	Climate actions (CAs) and crop yield
	Equilibrium indicators

	Results
	Hierarchy of climate, water, food, and energy (CWFE) nexus
	Water (climatefoodenergy) organizations
	The overall CWFE nexus components
	Planning and design
	Operation
	Maintenance
	Irrigation equilibrium indicators (IEIs)
	Hydraulic structures improvement program
	Water (irrigation schemes and drainage practices) improvement program
	Water organizations improvement program
	Optimize CWFE nexus synergies using IEIs

	Discussion
	Water at time of war, river fragments, and climate change
	Sustainable irrigation and agriculture
	Irrigation equilibrium indicators
	Unconventional water resources and Irrigation efficiency
	The multidisciplinary approach and future perspective

	Conclusions
	References
	Acknowledgements


