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Water Footprint in Agriculture: Framework and Conservation Approaches


Abstract
Agriculture is the largest global consumer of freshwater resources, accounting for nearly 70–80% of withdrawals. With accelerated food production, climate change, and rapid land-use transitions, water scarcity has become a pressing challenge for sustainable agriculture. The water footprint (WF) framework has emerged as a comprehensive and widely adopted tool for quantifying freshwater use in agricultural production systems by assessing green, blue, and grey water consumption. This review provides an in-depth overview of water footprint concepts and accounting methods,  discusses major drivers and impacts of agricultural water footprints globally. The review finally examines strategies for reducing WF in agriculture, including technological, agronomic, policy and market-based interventions; and highlights role of economic incentives, governance, and institutional reforms in sustainable water use. The findings underscore the need for integrating WF assessments in decision-making, promoting water-efficient technologies, and strengthening governance for long-term water sustainability.
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1 INTRODUCTION

Only 2.5% of the water on Earth comes from freshwater resources (Sun et al., 2021). However, because to population growth, economic gains, technical breakthroughs, and the need for necessities, freshwater demand has increased significantly over the past century (Ercin & Hoekstra, 2014). Food security is seriously threatened by the acute water shortages brought on by this rising demand, which are predicted to get worse in the upcoming years (Rosegrant et al., 2009). Up to 2.4 billion urban dwellers may experience water scarcity by 2050, according to certain studies (He et al., 2021). Approximately 92% of all water consumed globally comes from agricultural activities, making them the most major contribution to water scarcity (Hoekstra et al., 2012a; Nouri et al., 2019). Additionally, research shows that between 1990 and 2019, the water footprint of agricultural production grew by 30% worldwide (Mialyk et al., 2024). Water scarcity is estimated to affect 1.2 billion people worldwide who live in agricultural areas (Wang et al., 2022). Achieving the Sustainable Development Goals of the United Nations requires managing global water stress and agricultural sustainability, both of which depend on increasing agricultural water efficiency (Islam et al., 2024; Ali et al. 2023; Yue and Guo, 2021; Singh et al., 2023; Feng et al., 2021; Luan et al., 2018). To address these issues, a number of environmental indicators have been created, such as virtual water (VW) and water footprint (WF). The total amount of water incorporated in a product is represented by the idea of VW, which was first presented by Allan (1993) and then refined by Hoekstra & Chapagain (2007). Put otherwise, it represents the entire amount of water resources utilized to generate the unit weight of any given product (Muratoglu, 2020). Virtual water transfer (VWT), which entails indirect water transfer through international or interregional commerce, has also been investigated by researchers in recent years. This idea demonstrates how importing water-intensive goods from water-rich areas might help water-scarce nations lessen their water stress (Hoekstra & Hung, 2002; Mahlakeng, 2023). However, there are a number of objections to the optimum water usage through international trade, arguing that labor expenses, economic expectations, a lack of shared awareness, and socioeconomic constraints prevent the strategy from being adopted (Zhao et al., 2019).

Hoekstra created the WF methodology in 2002, building on the VW notion (Hoekstra, 2016). In contrast to conventional water usage measures like the Falkenmark indicator or the water poverty index, WF offers a more thorough evaluation by detailing the kind and amount of water utilized in addition to the overall volume consumed (Dong et al., 2013; Muratoglu, 2020). Additionally, it offers information on how to use focused tactics to lessen the strain on freshwater resources (Luan et al., 2018). With the creation of the Water Footprint Network (WFN) in 2008 and the release of "The Water Footprint Assessment Manual" by Hoekstra et al. (2011), the WF idea has undergone substantial change (Muratoglu, 2021). WF is now widely used in many industries, especially agriculture, to find inefficiencies in water consumption and direct solutions for sustainable resource management (Berger et al., 2021).

Numerous individual research on various elements of WF, especially its application to diverse crops and sectors, have been carried out over the past ten years (Elbeltagi et al., 2024; Li et al., 2023; Huang et al., 2019). Nonetheless, a thorough analysis that looks at and classifies the existing research on the WF concept from several angles is required. These include local and worldwide WF quantifications, methodology, strategy, constraints, reduction techniques, and the use of climate change scenarios. We think that integrating these several topics into a single study would help scholars comprehend the current status of WF research. This review provides an in-depth overview of the WF concept, its components, methodological evolution, and implications. Emphasis is given to strategies that can effectively reduce WF in agriculture under diverse agro-ecological conditions.



2. Concept and Methodological Framework of Water Footprint

The concept of the water footprint (WF) has emerged as a comprehensive indicator for assessing freshwater appropriation across production and consumption systems. Introduced by Hoekstra and Hung (2002), the WF extends beyond conventional water-use metrics by quantifying both direct and indirect water use along the entire supply chain. It provides a multidimensional understanding of how agricultural production exerts pressure on freshwater resources, ecosystems, and hydrological processes (Hoekstra et al., 2011; Mekonnen & Hoekstra, 2012).

2.1  Concepts and scale considerations of water footprint

Building upon the concept of virtual water, Hoekstra and Hung (2003) sought “to quantify these virtual water flows related to international food trade” and thus developed the water footprint concept. 

· The water footprint of a product is an empirical indicator of how much water is consumed and polluted, when and where, measured over the whole supply chain of the product. 

· The water footprint of an individual, community or business, is defined as the total volume of freshwater that is used to produce the goods and services consumed by the individual or community or produced by the business. 

· The water footprint is a multidimensional indicator, showing volumes but also making explicit the type of water use (consumptive use of rainwater, surface water or groundwater, or pollution of water) and the location and timing of water use. 

2.2  Dimensions and scales

· The water footprint shows human appropriation of the world’s limited freshwater resources and thus provides a basis for discussing water allocation and issues that relate to sustainable, equitable and efficient water use. 

· Besides, the water footprint forms a basis for assessing the impacts of goods and services at catchment level and formulating strategies to reduce those impacts. 

· From a production perspective, the water footprint is numerically equal to the virtual water content of a given product or service; what distinguishes the water footprint from virtual water is that it is also applied at a consumer level, thus creating a consumption based indicator of water use. 
· The water footprint concept was introduced to have a consumption-based indicator of water use that could provide useful information in addition to the traditional production-sector-based indicators of water use.
· Traditionally water use focus on measuring water withdrawals and direct water use. The water footprint accounting method takes a much broader perspective. It measures both direct and indirect water use, where the latter refers to the water use in the supply chain of a product.

‘Water footprint’ may carry different meanings to different people, and may differ between but also within groups of water users. The WF will surely vary under sprinkler, drip and flood irrigated crops.

· It can be defined with respect to different water-using production sectors (e.g. crop production, fishery, forestry, domestic and industrial use) as the amount of water involved in the production per unit of output produced, or the value added to water in a given circumstance. 

· In fisheries, it might mean the ratio of volume of water used per unit of fish produced. 

· To an economist, it might mean the necessary water input  per unit monetary value of output.

· To an irrigation engineer, it might mean the ratio of the supplied water per unit amount of crops produced in a farm (or catchment).

· In essence, WF represents water input required to the output of a given activity.

2.3   Crop production perspectives
In crop production system, water footprint (WF) is used to define the relationship between the amount of water involved in crop production and the crop produced, and, expressed as volume or weight of water required per unit crop production. 
Crop production may be expressed in terms of total dry-matter yield or seed (or grain) yield (kg) or, when dealing with different crops, yield may be transformed into monetary units (i.e. US $). More options are available to define the volume of water. Different water footprint indicators result from different options:

WF1 = Water applied to the field / Grain or seed yield    (kg water / kg crop)      	(1)
WF2 = Water applied to the field / Total dry matter yield(kg water / kg dry-matter)      	(2)
WF3 = Water applied to the field / Grain or seed yield      (m3 water / ton crop)      	(3)
WF4 = Water applied to the field / Total monetary value     (kg water /$ income )      	(4)

If the effectiveness of water use in a single crop is described, Eqn (1) or (2) is a good indicator. If regions are compared, or the effectiveness of water use in multiple cultures or under limiting water condition is studied, Eqn (4) is more appropriate.  

For discussion and interpretation, Eqn (1) will be considered in this paper.

2.4   Components of water footprint

The water footprint of a product is the volume of freshwater used to produce the product measured over the full supply chain. It shows water consumption volumes by source and polluted volumes by pollutants. All the components of a total water footprint are specified geographically and temporally. 
It has three components: green, blue and grey. 
The Blue Water Footprint 
It refers to consumption or loss of blue water resources i.e. surface (from canals, rivers, constructed and natural reservoirs) and groundwater along the supply chain of a product. Losses occur when water evaporates, returns to another catchment area or the sea is incorporated into a product. 
The Green Water Footprint 
It refers to consumption of green water resources i.e. rainwater in so far as it does not become run-off. 
The Grey Water Footprint 
It refers to pollution and is defined as the volume of freshwater that is required to assimilate the load of pollutants given natural background concentrations and existing ambient water quality standards. 

The total water footprint of the process of growing crops (WFproc) is the sum of the green, blue and grey components: 

WF proc= WF proc, green + WF proc, blue + WF proc, grey (volume/mass) 

In reality, the amount of surface and groundwater that is available in a place at any given moment is limited, and humans cannot use more than this over a given time period. Accordingly, within a particular spatiotemporal boundary, the blue WF represents the degree of water exploitation (Hoekstra et al. 2011). With the exception of surface runoff and groundwater recharge, green water is the amount of precipitation that stays on land. It stands for the water that is either transpired by plants or stored in the soil and vegetation. Similar to blue WF, human water usage is shown by green WF (Hoekstra et al., 2009).  
However, there is a finite amount of surface and groundwater available in a location at any particular time, and humans cannot utilize more than this over a specific amount of time. The degree of water exploitation is thus represented by the blue WF inside a specific spatiotemporal boundary (Hoekstra et al. 2011). Green water is the quantity of precipitation that remains on land, excluding groundwater recharge and surface runoff. It represents the water that plants either transpire or store in the soil and other vegetation. On the other hand, the grey WF indicates the amount of clean water needed to remove the pollution rather than direct water pollution, or the amount of contaminated water.  Consequently, grey WF serves as a gauge for the degree of pollution. Lastly, blue and green water depend on evapotranspiration from freshwater sources and soil moisture, but grey WF depends on pollution load and environmental criteria (Muratoglu, 2021).

2.5   Approaches to Water Footprint Assessment
Volumetric (Hoekstra) Approach
This approach measures WF in physical water volume (m³ per unit product).
Strengths: simple, intuitive, and widely applicable.
Limitations: does not directly account for water scarcity or local ecological impacts.
LCA-Based Approach
Incorporates WF into Life Cycle Assessment (LCA) frameworks using impact assessment methods such as AWARE, Water Stress Index (WSI), and ISO 14046 standard.
Strengths:
· Considers spatial and temporal scarcity.
· Allows comparison across value chains.
Limitations:
· Complex data requirements.
· Less intuitive for policymakers.
Hybrid Approaches
Recent studies integrate volumetric and LCA-based methods to combine richness of data and regional impact assessment. These hybrid methods are gaining traction for regional water planning.

2.6   Implications of WF

The main implications of WF include:
· Accurate and precise quantification of WF is the basis for management of regional agricultural water resources. 
· Water footprint (WF) studies are primarily concerned with reducing the global average of freshwater consumption. 
· The water footprint of a product can be used to give policy makers an idea of how much water is being traded through imports and exports of the product. 

· Water footprint accounting is a suitable procedure to assess the relationship between water use and crop yield.


3. FACTORS AFFECTING WF (CROP PRODUCTION PERSPECTIVES)

The water footprint is clearly influenced by the elements that impact or influence crop production (denominator of the footprint equation) and water applied or required to be applied (numerator of the same equation). WF is influenced by the following factors: 

3.1 Type of crop cultivar
 
When plants open their stomata to absorb CO2 in unsaturated air, they inevitably lose a significant amount of water. The WF of a specific species or cultivar will be determined by its stomatal behavior. C4 plants are reported to have a greater WF than C3 plants. Numerous studies have demonstrated that genotypes within C3 plants can be chosen for increased WF based on their carbon isotope discrimination, which is a result of the CO2 concentration gradient between the leaf's interior and exterior. 
3.2   Demand for Crop Water or Applied Water 
Numerous approaches to water conservation have been studied in agriculture, and methods including drip irrigation, deficit irrigation, and partial irrigation have demonstrated that WF can be improved. These methods typically involve
a trade-off between a greater WF and a lower yield. The next challenge is whether it is feasible to raise WF without significantly lowering yield. There are numerous instances where the amount of irrigation has a negative parabolic connection with grain yield, which makes up a significant fraction of the overall biomass. This implies that excessive vegetative growth may result in reduced root activity, unhealthy canopy structure, and a worse harvest index or harvest ratio (ratio of seed production to straw output) when there is an adequate supply of water. Therefore, if WF is defined as the amount of grain produced per unit of irrigated water, high biomass production, supported by a high water supply, will not result in high WF. In order to raise the harvest index or harvest ratio, the objective is to enhance WF of grain production by restricting the water availability. According to recent research, it is possible to increase grain yield
in some irrigated conditions while lowering the amount of water supplied to the crop. This is mostly through an enhanced harvest index, which has been demonstrated to be a crucial element in improving WF. 

3.3 The soil element 

During germination, seedling establishment, and other stages of plant growth, evaporative water loss from the soil's surface has a major impact. Water storage and release characteristics are determined by the organic matter level and soil texture. 

3.4 The agronomic aspect 

The use of herbicides, the role of the preceding crop, timeliness of sowing, and evenness of establishment are agronomic factors that can impact WF. The crop's water footprint is determined by how it is integrated into the farm's management, both in terms of time and space, as well as how it is managed throughout its life (Ali and Islam, 2025; Ali et al., 2023). Optimal harvest timing can be achieved by fine-tuning a crop's vegetative and floriferous growth. This allows one to take tactical advantage of changing weather by planting the next crop at the appropriate time and promoting strong establishment. In most cases, crop competitiveness and WF can be increased by any husbandry method that promotes quick development, allows the crop to cover the soil's surface, shades out weeds, and lowers wind speed. Early sowing, choosing types with early development (in chilly conditions), proper fertilization, a sufficient plant population, and close spacing are practices that specifically contribute to these aspects. Water transpired by crops should be increased in relation to soil surface evaporation under the improved WF concept.
. 
3.4 Economic aspects 
The ideal level of WF may be influenced by economic reasons. Increasing WF can occasionally result in significant additional expenses, such as the purchase of sprinkler, drip, or hose pipe irrigation systems. The fixed and ongoing expenses of replacing the irrigation system are included in these systems. Water conserved and any increased crop productivity might be included in the returns (Ali, 2010). Particularly in third-world nations, farmers may not be able to afford the significant fixed costs associated with lining irrigation channels. 


4 GLOBAL PERSPECTIVES OF WF

The majority of research studies used the reference ET (ET0) and Kc method (or the CROPWAT model) to determine water requirements. However, agricultural yield and WF linkages are not taken into consideration. The flexibility to simulate the effects of different agronomic, irrigation, and management techniques on WF and yield can be provided by field trials combined with simulation model research. 
Global Variations Across Crops
Crops differ widely in WF values due to climate, irrigation practices, crop physiology, and yield levels:
· High-water-consuming crops:  Rice, cotton, sugarcane, bananas, almonds
· Moderate-water-consuming crops: Wheat, maize, barley, soybean
· Low-water-consuming crops: Pulses, vegetables, sorghum, millet
For example, the global average WF for rice is ~2,500 m³/ton, while pulses require ~4–6 times less water.
Rainfed vs. Irrigated Systems
Rainfed systems rely predominantly on green water, whereas irrigated systems contribute significantly to blue WF and often cause groundwater depletion.
Spatial and Temporal Variation
Regions with high evapotranspiration rates, such as South Asia and the Middle East, show higher blue WF for the same crops grown in humid climates.
Water Footprint in Livestock Production
Livestock requires substantial amounts of water for feed production, drinking, cleaning, and processing.
Approximate WF values for major products:
· Beef: 14,000–15,000 m³/ton
· Sheep and goat meat: 6,000–8,000 m³/ton
· Poultry meat: 3,000–4,000 m³/ton
· Milk: 900–1,200 m³/ton
Feed production accounts for over 85% of total WF for ruminants.
WF in Aquaculture and Fisheries
Aquaculture systems, particularly pond systems, have rising WFs due to evaporation and nutrient loading. Intensive systems often exhibit high grey WF due to effluent discharge.
Global average of WF of some major crops are presented in Table.1.

Table 1. Global average water footprint of 14 primary crop (after Mekonnen and Hoekstra, 2011).

	Crops 
	Water Footprint (m3 /ton)

	
	Green
	Blue 
	Grey 
	Total 

	Sugar crops 
	130 
	52 
	15 
	197 

	Fodder crops 
	207 
	27 
	20 
	253 

	Vegetables 
	194 
	43 
	85 
	322 

	Roots and tubers 
	327 
	16 
	43 
	387 

	Fruits 
	727 
	147 
	93 
	967 

	Cereals 
	1232 
	228 
	184 
	1644 

	Oil crops 
	2023 
	220 
	121 
	2364 

	Tobacco 
	2021 
	205 
	700 
	2925 

	Fibres, vegetal origin 
	3375 
	163 
	300 
	3837 

	Pulses 
	3180 
	141 
	734 
	4055 

	Spices 
	5872 
	744 
	432 
	7048 

	Nuts 
	7016 
	1367 
	680 
	9063 

	Rubber, gums, waxes 
	12964 
	361 
	422 
	13748 

	Stimulants 
	13731 
	252 
	460 
	14443 




WF of  common field crops:  Bangladesh perspectives

The WF of cereals is the volume of water required to produce one unit of cereal grains, generally expressed in terms of cubic metres of water per ton, or litre of water required per Kilogram (kg) of the grain. The magnitude of WF is significantly affected by climate, soil types, and water management practices, which causes the obvious spatiotemporal variability of WF. The use of average meteorology and crop yield data makes it hard to reflect the temporal change of WF of grain products.
A range of WF values for crops exist, which may be caused by so many factors that influence soil-water-plant relationship, including time of irrigation (growth stage at which irrigation was applied), sequence of water stress and stress history, and varietal yield potential. Considerable variations in WF values are observed not only for different crops but also for the same crop. This indicates a scope for reduction of  WF. 

Measured crop water footprint values from literature
The WF of common field crops of Bangladesh is tabulated in Table.2. In general, WF increases with increasing irrigation amount. The association of low WF values with high yields has important implications on the crop management for achieving efficient use of water resources in water scarce areas. The nature of yield (Y) versus irrigation water (IR) or ET (Fig.1), and irrigation water footprint (IWF) or WF versus IR or ET curves clarify the importance of attaining relatively higher yields with lower water footprint. 
Attaining higher yields with lower WF is only economical when the increased gains in crop yield are not offset by increased costs of other inputs.

Table 2. Water foot-print of common field crops of Bangladesh

	sl
	Crop
	WF value *
(litre/ Kg grain or seed)

	1
	Rice (Boro)
	1000 - 1300

	
	Aus 
	Green component dominates 

	
	Aman
	100% Green component

	2
	Wheat
	700 - 900

	3
	Maize
	150 - 200

	4
	Mustard
	700 - 1000

	5
	Potato
	70 - 80

	6
	Lentil
	700 - 1000

	7
	Mungbean
	900 - 1200

	8
	Chickpea
	450 - 600

	9
	Onion 
	200 - 300

	10
	Sunflower
	900 - 1200

	11
	Sesame
	1100 - 1300



*Note: Data are taken from research papers, normally excluding conveyance loss of water. For other than rice crops,  soil moisture extraction was considered; so may be called WF ‘based on total water use’. 
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Fig.1. Trend of irrigation water versus wheat yield, and irrigation water versus irrigation water productivity (IWP) (after Ali et al., 2007)

5 TECHNIQUES TO REDUCE  WATER FOOTPRINT

The functional form of WF is:
		WF1 = Water used / Yield                 (kg water / kg crop)
The ‘Yield’ may be any harvestable yield, say grain or seed or dry-matter.

The strategies for ‘reducing water footprint’ implies:
1) how we can most effectively ‘improve the outcome or yield’ of the crop with the ‘water currently in use’. 
2) how we can most effectively ‘reduced the water currently in use’ with the ‘present outcome or yield of the crop’. 
3) how we can most effectively ‘improve the outcome or yield’ of the crop with ‘reduced water compared to currently in use’. 
4) how we can most effectively ‘reduce the water currently in use’ so that, reduction rate in outcome or yield  is lower than that of water.  
5) how we can most effectively ‘increase the water currently in use’ along with ‘increased outcome or yield of the crop’  so that, increase rate in outcome or yield  is greater than that of water  (Table 3).  

Table 3.  Possible strategies for reducing WF of crops

	sl 
	WU
	Y
	WF

	Base value
	WU
	Y
	-

	1
	constant 
	increased 
	increased 

	2
	reduced 
	constant
	,,

	3
	reduced 
	increased 
	,,

	4
	reduced 

	reduced, but 
Yre-rate < WUre-rate
	,,

	5
	increased 
	increased, but 
Yin-rate >WUin-rate
	,,



Three main pathways to reduce WF while maintaining current or increasing yield are:

(i) Transpire the majority of the supplied water to reduce undesired loss;
(ii) More efficiently exchange transpired water for CO2 when producing biomass; and
(iii) Transform the majority of the biomass into grain or another harvestable commodity.

There are numerous technologies available to optimize WF and the management of limited water resources. Water harvesting for increased farm income in drier environments and limited supplemental irrigation for optimizing the use of the limited water are two of the most promising and effective proven methods. However, reducing agricultural water footprint necessitates utilizing not only water management but also other inputs including improved cultivars, fertility control, and cultural techniques that affect yield.

5.1  Deficit irrigation
Applying deficit or limited irrigation at crucial crop growth stages significantly improves output and water footprint. There are various approaches to deficit irrigation management. The irrigator can lower the depth of irrigation, refill only a portion of the root zone, decrease the frequency of irrigation by lengthening the time between subsequent irrigations, replenish a portion of the root zone's soil water capacity, wet furrows alternately, or space them farther apart. 

According to research conducted at the International Center for Agricultural Research in the Dry Areas (ICARDA) (Zhang and Oweis, 1999), a yield drop of just 10–15% results from applying just 50% of the complete supplementary irrigation (SI) requirements. Zhang and Oweis (1999) contrasted deficit irrigation with alternative choices, assuming that under constrained water resources, only 50% of the entire irrigation required by the farm would be available (i.e., 4440 m3 for a 4 ha field). They demonstrated that, in comparison to full irrigation over a portion of the area, a farmer with 4 ha would, on average, produce 33% more grain if deficit irrigation was applied over the entire area. 
 
The relationship between high WF values and high yields has significant ramifications for crop management in order to achieve effective use of water resources in water-scarce settings. The significance of achieving comparatively greater yields with a larger water footprint is made clear by the characteristics of the yield versus irrigation water (IR) or ET and irrigation water footprint (IWF) or WF vs IR or ET curves (Fig.1). Increasing WF to achieve better yields is only cost-effective if the improved crop production gains are not countered by higher input costs. Before implementing yield-maximizing policies in situations where water is scarce, they should be thoroughly studied. It may be necessary to update recommendations for irrigation schedules in places with limited water resources.

Applying irrigation after 3–4 days of ponded water disappearing (also known as alternate wetting (ponding) and drying (to field capacity)) results in 20–30% water savings in rice production without significantly lowering output, as opposed to keeping 3–5 cm of standing water in the field. IWF is undoubtedly increased by such actions. Deficit irrigation enhances WF and makes it easier to use applied and stored water (inside the root zone) more effectively.

6.2  Increasing soil fertility
Appropriate fertilizer application is especially crucial in many dry-area soils with poor fertility. According to Liu et al. (1998), in the semiarid field conditions in the hilly loess area in Ningxia, China, the highest WF and maximum yield could be attained with the ideal fertilizer input. They discovered that, with correlation coefficients of 0.96 and 0.86, respectively, higher soil fertility was positively associated with spring wheat grain yield and WF. The root system was better extended thanks to the fertilizer. Crop yield and WF rose as a result of the improved crop water utilization and nutrient absorption made possible by the improved root system Ali et al., 2007). The impact of better nutrition on the effective use of scarce water in dry land wheat production was emphasized in their study. Nutrient contributions can enhance WF and biological water conservation, as shown by Deng et al. (2006), Abedi et al. (2010), Suminarti et al., (2016).

6.3  Improving assimilate partitioning to grain (by increasing harvest index and harvest ratio)

We want to increase the grain production of most crops, particularly cereals, but not the straw yield. It has been demonstrated that the harvest index is a changeable factor in crop yield, particularly when the entire plant senescence (in the case of wheat and rice) is adversely delayed. The remobilization of pre-stored carbon reserves in the straw may be delayed by such delayed senescence, which lowers the harvest index. 
Zhang et al. (1998) observed that early senescence in wheat cultivated in fields is enhanced by soil drying during the grain filling period. They observed that a quicker rate of grain-filling and improved mobilization of stored carbohydrates reduced the impact on production, even if the grain filling in unwatered (during this period) plots was shortened by 10 days (from 41 to 31 days). Zhang and Yang (2004) demonstrated how an increased harvest index (HI) could improve WF. Ali (2006) discovered that the alternate deficit treatment with a water scarcity during the grain filling stage had the highest HI, harvest ratio, and IWF. 

6.4    Application of organic matter, farmyard manure and biofertilizer 

In dry-land farming, when the use of greater doses of inorganic fertilizer is restricted because of limited water supplies, nitrogen management is one of the key variables to achieve higher crop yields (which in turn lower WF). In such circumstances, organic sources of nitrogenous fertilizer, like biofertilizer and farmyard manure, are more suitable (Sushila and Giri, 2000; Abedi et al., 2010). By adding atmospheric nitrogen, a cropping system based on legumes can improve fertility.

6.5  Other management factors

Improved or appropriate crop rotation, sowing dates, crop density, mulching, weed control, pest and disease control, water conservation measures, raised bed planting, seed priming, and the function of prior crops are some of the management elements for more productive farming systems. Chahal et al. (2007) found that when rice was transplanted in Punjub, India, from higher (mid May) to lower (end of June onwards) evaporative demand, grain production increased while ET and irrigation water applied decreased. Crop WF was improved as a result. 

6.6 Crop choice

Crop selection can result in significant variations in WF. Selecting the right crop sequence can enhance WF by reducing weeds, pests, and illnesses and increasing the availability of nutrients. By contributing atmospheric nitrogen and organic matter to the soil, a legume crop added to a cereal cycle can enhance soil fertility and boost the yields of the cereal crops that follow.

6.7 Integrating agriculture – aquaculture

Pond water that is high in nutrients can be used for irrigation in intensive aquaculture operations. An increasing amount of research has shown that combining intensive aquaculture with irrigated agriculture production can yield significant benefits, increasing water footprint. According to a World Fish Center research (Dey and Prein, 2004), Malawi's adoption of integrated agriculture-aquaculture technology has significantly increased WF (> 10%) and agricultural revenue (28%) without increasing water consumption.

6.17   Precision water management system 
A well-designed precision water management system is crucial for maintaining cereal, commercial crop, and horticultural crop production while improving product quality. To reduce WFs, the precise use of usable water supplies is important. Precision water management, which includes the prudent use of water through sensors and micro-irrigation strategies, is essential for ensuring the long-term sustainability of water supplies. Cereal crop production requires more than half of the total available water for agriculture. Additionally, it entails applying high-quality water consistently throughout the selected region at the appropriate time, location, and stage of crop development. To attain precision, sensor-based micro-irrigation methods like sprinkler irrigation, subsurface drip irrigation, and drip irrigation may be employed. Precision irrigation management includes low-cost agronomic techniques like mulching, direct-seeded rice (DSR), conservation agriculture, alternative wetting and drying, and scheduling irrigation.  

6.18  Policy Interventions and Institutional Mechanisms

Policy interventions and institutional mechanisms play a central role in reducing the agricultural water footprint by influencing farmer behavior, resource allocation, governance structures, and long-term sustainability planning. Effective policies provide incentives for efficient water use, regulate unsustainable extraction, strengthen institutions, and promote coordinated action across sectors and scales. A growing body of literature emphasizes that without strong policy frameworks, technical and management interventions often fail to achieve their intended impact (Hoekstra, 2017; Aldaya et al., 2019).
Regulatory Frameworks for Water Allocation and Use
Clear and enforceable water rights are essential for limiting over-abstraction of groundwater and surface water sources. Countries with well-defined water allocation systems demonstrate significantly lower blue water footprints due to improved governance and monitoring (Garrido et al., 2016). Regulatory tools—such as groundwater permitting, abstraction caps, licensing, and restrictions on water-intensive crops—help ensure that water use remains within ecological limits (FAO, 2020). Additionally, mandatory environmental flow requirements and catchment protection regulations reduce landscape-level water stress (Liu et al., 2022).
Economic Instruments and Incentives
Economic policy tools such as water pricing, tiered tariff systems, subsidy reforms, and payment for ecosystem services (PES) encourage efficient water use (Perry et al., 2017). Differential pricing can discourage excessive irrigation, while targeted subsidies can promote micro-irrigation technologies, drought-resilient crop varieties, and rainwater harvesting systems (World Bank, 2023). Furthermore, incentives for adopting precision agriculture and soil moisture monitoring systems can reduce green and blue water footprints while sustaining yields (Chapagain & Hoekstra, 2008).
Institutional Strengthening and Multi-Level Governance
Strong institutions—such as water user associations (WUAs), agricultural extension services, and basin management authorities—facilitate coordinated water governance. Participatory irrigation management has been shown to improve system maintenance, reduce losses, and increase water productivity (Meinzen-Dick, 2014). Integrated Water Resources Management (IWRM) frameworks provide a holistic approach by aligning agricultural policies with national water strategies, climate adaptation plans, and community-based resource governance (UNESCO, 2021). Institutional arrangements that enable cross-boundary cooperation are especially important in transboundary river basins facing water scarcity.
Policy Support for Sustainable Agricultural Practices
Governments can substantially lower agricultural water footprints by implementing policies that promote sustainable land-use planning, crop diversification, and improved irrigation scheduling. For example, national programs that encourage the replacement of high-water-demand crops (e.g., rice, sugarcane) with less water-intensive alternatives can reduce regional blue water footprints significantly (Mekonnen & Hoekstra, 2020). Policies supporting conservation agriculture, mulching, deficit irrigation, and agroecological systems contribute to reduced green water losses and enhanced soil water retention (Rockström et al., 2010).
Research, Data Infrastructure, and Monitoring Mechanisms
Effective monitoring systems allow policymakers to track water use, evaluate policy impacts, and adjust strategies based on evidence. Investments in remote sensing, national water footprint databases, groundwater monitoring networks, and climate information systems are essential for transparent governance (Zhang et al., 2019). Countries that integrate water footprint accounting into national statistics and environmental reporting frameworks are better equipped to manage water sustainably (Hoekstra & Mekonnen, 2012).
Legal Instruments and Compliance Enforcement
Legal measures—such as groundwater extraction laws, pollution control standards, and mandatory water-saving technologies—ensure accountability. Compliance can be improved through a combination of legal penalties, community enforcement, and transparent reporting systems (Varis & Tortajada, 2018). Effective legislation also supports wastewater reuse for agriculture, an increasingly important strategy for reducing freshwater demand (Qadir et al., 2020).
International Cooperation and Trade Policies
As water footprint is closely linked to virtual water trade, international policies also play a significant role. Agreements facilitating sustainable agricultural trade, environmental labeling, or water-footprint-based certification can reduce external water stress in exporting regions (Hoekstra, 2020). Regional organizations and UN platforms encourage harmonization of water governance standards and promote shared learning across countries.

7  LIMITATIONS OF WF METHODOLOGY

For managing and assessing water resources, the WF methodology is a dependable and generally recognized approach. We now have a better grasp of how to manage water resources in a sustainable, effective, and efficient manner because to this research. However, because of its relative freshness, complexity, large amount of data required for computations, and the intricacy of hydrological processes, the idea has a number of drawbacks (Muratoğlu, 2020).
7.1  Limitations of blue and green WF
ET under ideal circumstances is included in statistical models based on regional water balance and empirical models (like CROPWAT and CROPSYST), but actual soil moisture is ignored (Luan et al., 2018). Regional water balance-based empirical and statistical models can occasionally have insufficient geographical resolutions (Luan et al., 2018). Since studies are frequently carried out at the provincial level, it is not always possible to clearly illustrate regional differences in WF. This might result in decreased efficacy in water management and WF assessments since it makes it more difficult to identify the geographical sensitivity of agricultural WF and to generate locally tailored remedies.
7.2   Limitations of grey WF
There are drawbacks to the grey WF technique, especially with the data used and modelling approach. First, grey WF emissions are directly impacted by ambient water quality criteria. Standards for drinking water and surface water differ significantly, and literature reviews frequently reveal variations when choosing the corresponding concentrations. 

8   Challenges and Future studies  
The review identified persistent challenges in WF methodology, particularly in reflecting real-world agricultural practices and standardizing assumptions. While limitations in effective precipitation models and grey WF calculations require further methodological refinement, the increasing adoption of hydrological modelling and regional-scale analyses presents opportunities to enhance the accuracy and applicability of WF assessments. The continuous advancement of these methodological approaches and analytical tools will strengthen the WF concept's role as an influential framework for achieving sustainable water resource management and addressing the growing challenges of global water scarcity and food security.
Future studies should focus on:
· Integrating WF assessments with climate change models.
· Developing transboundary WF governance frameworks.
· Expanding remote sensing and AI-based water monitoring systems.
· Linking WF with SDG indicators, particularly SDG 2 (Zero Hunger) and SDG 6 (Clean Water).
· Designing region-specific WF mitigation pathways.


9  CONCLUSION

Water footprint (WF), an all-encompassing measure of the appropriation of water resources, has been immersed  as a useful instrument to enhance water resource management and sustainability. A product's water footprint can be an effective tool for directing sustainable food production systems. A water footprint-based optimization for crop cultivation area relocation with the goal of lowering water use would be a potential management option.  

This study thoroughly examined the WF idea, its techniques, and its applications within the agricultural sector which will contribute to advance sustainable water management and ensure food security. The review examined the theoretical underpinnings and historical evolution of virtual water and WF. A thorough examination contrasted the advantages and disadvantages of volumetric and LCA-based WF techniques in the evaluation of water resources.  

The study emphasized the field's transition toward more targeted and in-depth assessments by combining results from regional and worldwide WF research. The practical uses of the notion in creating sustainable and adaptable water management practices were illustrated by the WF reduction strategies. It has become clear that using hydrological modeling into WF study is a viable way to increase assessment accuracy.
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