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ABSTRACT 
 
Concern over increasing water scarcity has led to the introduction of the concept of agricultural 
water productivity and an emphasis on interventions to achieve “more crop per drop”. Yet, a 
strong debate continues on how the concept is to be defined and used. Drawing largely from 
the irrigation literature, the origins of the concept and its methodological developments are 
reviewed, and its use in applied work over two decades is discussed. Based on this analysis of 
conceptual and applied research, key insights on the concept’s contributions and limitations are 
presented, as well as opportunities for further refinements.  
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Introduction 

In 1996, the International Irrigation Management Institute (IIMI) published its first Research 
Report The new era of water resources management: From ‘dry’ to ‘wet’ water savings (Seckler 
1996). It outlined several key ideas that fundamentally changed the agricultural water 
management research paradigm from one that focused on ‘irrigation efficiency’ and 
‘performance of irrigation systems’ to one centered on ‘water productivity’ and ‘river basin 
management’ (Rijsberman, 2006). The report, and the broader focus on water productivity 
originated in large part from a concern over increasing water scarcity and longer-term trends in 
water supply and demand. With irrigated agriculture being the largest user of water resources 
worldwide, there was a need to identify ways to achieve real efficiency gains and real water 
savings, and, thus, “opportunities for increasing the productivity of water” (Seckler, 1996, p. 
10). This idea was later formulated as growing more food with the same or less amount of 
water, a concept that became popularly known as ‘more crop per drop’. For example, in 2000, 
Kofi Annan, the then UN Secretary General referred to the need for a ‘Blue Revolution’ in 
agriculture, focused on increasing productivity per unit of water, or ‘more crop per drop’” 
(Annan, 2000, p. 2). 

The concept of agricultural water productivity stimulated important conceptual 
developments in the field of water resources management. It challenged researchers and 
practitioners to think beyond the traditional notions of ‘irrigation efficiency’ in the use of 
irrigation water, and consider more broadly the net benefits received in agriculture and other 
sectors from the use of water. The concept and related terms helped to highlight the 
importance of scale and the notion of recycling water within a river basin, allowing for a better 
understanding of whether a ‘piecemeal change’ (i.e., increasing irrigation efficiency on a farm) 
represented a real improvement in terms of water saving at the basin scale (Seckler, 1999). 
Contextual considerations were also emphasized to interpret results and the potential 
outcomes from water productivity interventions. 

The concept of agricultural water productivity continues to gain traction and interest 
from policy makers, implementers and the research community. The newly agreed United 
Nations Sustainable Development Goals (SDGs), and specifically Goal 6.4 that seeks to 
substantially increase water-use efficiency across all sectors, place the efficient use of water 
resources on the mainstream development agenda for the first time. Yet, a strong debate and 
some disagreement continue in the literature on how agricultural water productivity and 
efficiency terms are to be defined and used (e.g., Jensen, 2007; Perry, Steduto, Allen, & Burt, 
2009; Frederiksen, Allen, Burt, & Perry, 2012; van Halsema & Vincent, 2012; Pereira, Cordery, & 
Iacovides, 2012; Kambou, Xanthoulis, Ouattara, & Degré, 2014; Heydari, 2014; Wichelns, 2014a; 
Scheierling, Tréguer, & Booker, 2016; Scheierling & Tréguer, 2018).  

http://dx.doi.org/10.3910/2009.003


 
 

 

2 
 

Through a review and synthesis of two decades of research on water productivity, our 
study aims to offer some historical perspective as well as insights to guide the future 
development and application of appropriate indicators and measures to meaningfully track 
progress towards the more efficient and productive use of water. The review was carried out in 
several bibliographic databases using selected research terms, such as water productivity, 
water efficiency, water accounting, water allocation, and water conservation and savings. We 
identified more than 500 publications and reports covering the conceptual development of 
water productivity, its application in different contexts and sectors, impacts on policies and 
programs, as well as critiques and alternative concepts and approaches. A significant share of 
this literature was based on research carried out by the International Water Management 
Institute (IWMI), formerly IIMI, and its partners.  

Our research emphasizes the evolution and application of the concept of agricultural 
water productivity, highlighting its contributions and limitations while identifying opportunities 
for further refinements in the way it is understood and applied. We proceed as follows: First, 
the origins of the concept of water productivity and its methodological developments are 
reviewed. Second, the use of the concept in applied research is discussed, including the 
different ways the concept has been operationalized, the main pathways and associated 
interventions that have been identified for improving water productivity, and the potential 
contributions to broader development objectives. Third, some key insights from two decades of 
conceptual and applied research on agricultural water productivity are summarized. We 
conclude by highlighting how a focus on water productivity has brought greater attention to 
critical water scarcity and management issues. Important strategic challenges remain, however, 
for continued improvements in technologies and management practices, data sources, and 
interdisciplinary research to develop and apply more comprehensive approaches to address 
water scarcity concerns and, ultimately, make progress towards the broader development 
objectives.   

Origins of the concept and methodological developments 

IWMI Research Report 1 (Seckler, 1996) introduced the concept of ‘water productivity’ and 
related strategies for its improvement to promote real solutions to complex water 
management problems, including growing demands for, and competition over, scarce water 
resources, as well as the physical, economic and environmental constraints to developing 
additional supplies. The report aimed to inspire new and creative concepts that could address 
key food security and environmental challenges—and thus initiated a “new era of water 
management” (Seckler, 1996, p. 3). Seckler (1996) and others (e.g., Keller & Keller, 1995; Keller, 
Keller, & Seckler, 1996) argued that the classical efficiency concepts from the irrigation 
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literature were difficult to apply in the context of mobile resources such as water, and 
highlighted a need for metrics that account for the capture and reuse of water within larger 
hydrologic systems, such as river basins.  

From irrigation efficiency to agricultural water productivity 

By the early 1990s, a wide body of research from different disciplines—including agronomy, 
plant physiology, and irrigation engineering—already existed on opportunities to increase 
‘irrigation efficiency’ and ‘water-use efficiency’. These and related key terms and definitions are 
presented in Table 1. As a background to the definitions, it is useful to keep in mind the 
different measures of water quantity (Young, 2005):   
 

- Water withdrawal refers to the amount of water removed (or diverted) from a surface 
water or groundwater source. 

- Water application (or delivery) differs from water withdrawal by the amount of water 
lost in transit from the point of withdrawal to the point of use. This delivery (or 
conveyance) loss usually stems from leakages, such as from unlined earthen canals. 

- Water consumption (or consumptive use, depletion, evapotranspiration) refers to the 
amount of water that is actually depleted and thus unavailable for further use. In the 
case of irrigated agriculture, it is the amount transferred to the atmosphere through 
evaporation from plant and soil surfaces and through transpiration by plants, 
incorporated into plant products, or otherwise removed from the immediate water 
environment. 
 

[Table 1 near here] 
 

The terms ‘efficiency’ and ‘productivity’ are often differently understood in the different 
disciplines, and also tend to focus on different measures of water. For example, the classical 
notion of ‘irrigation efficiency’ was developed in irrigation engineering, and commonly 
measures the ratio of water consumed to water applied or withdrawn from a source. Plant 
physiologists and agronomists often use the term water-use efficiency and apply different 
definitions, such as the ratio of plant biomass or yield to transpiration, or the ratio of yield to 
water consumed (Hsiao, Steduto, & Fereres, 2007).  

A further confounding factor is the range of scales (both spatial and temporal) at which 
the terms can be defined and applied, e.g., from field-scale, seasonal measures of grain biomass 
per unit of water transpired to basin-scale, annual estimates of the economic value obtained 
per unit of water applied in the agriculture or other sectors (Kijne, Barker, & Molden, 2003; 
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Bouman, 2007; Molden, Oweis, Pasquale, Kijne, Hanjra, Bindraban, Bouman, Cook, Erenstein, 
Farahani, Hachum, Hoogeveen, Mahoo, Nangia, Peden, Sikka, Silva, Turral, Upadhyaya, & Zwart, 
2007b). As stated by Keller and Keller (1995, p. 7), “The classical concepts of irrigation efficiency 
have been appropriate for farmers making irrigation management decisions and for planners 
designing irrigation conveyance and application systems. But applying classical efficiency 
concepts to water basins as a whole leads to incorrect decisions and, therefore, to faulty public 
policy.” 

More specifically, Seckler (1996) highlighted three fundamental points: First, classical 
concepts of irrigation efficiency overlook the fact that so-called ‘losses’ in water conveyance 
and application may be reused, or recycled, elsewhere in a river basin. Second, the actual scope 
for real water savings is often less than imagined because of these recycling opportunities for 
irrigation water; furthermore, a distinction should be made between real water savings (e.g., 
due to a reduction in consumptive use) and water reallocation (e.g., when water is 
redistributed from one user to another). And, third, context is important when considering 
water productivity or, more generally, water management strategies. For example, identifying 
opportunities to increase water productivity becomes increasingly important in basins with no 
outflow of usable water; by contrast, in basins with utilizable outflows, other water 
management objectives may be more appropriate—such as increasing the supply of water to a 
particular sector, transferring water to another basin with more pressing water needs, or 
reserving water for environmental services.  

In line with this thinking, several modifications were proposed to address some of the 
limitations of the classical efficiency concepts. This included the introduction of the term 
‘effective irrigation efficiency’ to account for leaching requirements and return flows (Keller and 
Keller, 1995), and the concept of ‘fractions of water use’ to break down consumptive and non-
consumptive uses and analyze the purposes for which water is consumed (Willardson, Allen, & 
Frederiksen, 1994; Frederiksen & Perry, 1995; Molden, 1997). These refinements to the 
irrigation efficiency terminology, and the underlying principles, contributed to the conceptual 
development of ‘water productivity’. 

Productivity is conventionally understood as a ratio that refers to output per unit of 
input. Water productivity, in its basic form, measures production per unit of water use. Like 
land and labor productivity, it is a single-factor productivity metric applied in a multi-factor 
production process. The denominator, water use, may be measured in terms of water 
withdrawn, applied, or consumed. The numerator can also be expressed in different forms: In 
the case of physical water productivity, expressed in kilograms per cubic meter of water 
(kg/m3), the numerator is defined as the physical mass of production (such as biomass or crop 
yield); in the case of economic water productivity, expressed in US dollars per cubic meter of 
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water (USD/m3), the numerator is usually expressed as gross value of output (yield multiplied 
by price). Other formulations for the numerator have also been used in the literature; an 
example is water productivity in nutritional terms, expressed in protein grams or kilocalories 
per cubic meter of water (kcal/m3) (Molden, 1997; Molden & Sakthivadivel, 1999; Renault & 
Wallender, 2000). The water productivity concept is thus applied for different purposes, and at 
a range of scales—including field, farm, irrigation system, or basin.  

Water accounting and water productivity indicators 

To better consider water productivity in particular contexts, and help identify strategies for 
increasing water productivity and achieving real water savings, a framework for water 
accounting was developed. The framework, illustrated in Figure 1, is based on a water balance 
approach and a categorization of water (re)uses (Molden, 1997; Molden, El Kady, & Zhu, 1998a; 
Molden & Sakthivadivel, 1999; Jensen, 2007; Perry, 2007). This includes the following:   

- Inflow into the domain of interest is expressed as gross inflow (the amount of water 
flowing in from precipitation and surface and subsurface sources), and net inflow (gross 
inflow plus any changes in storage). 

- Available water is the net inflow less the amount of water set aside for committed 
outflows (e.g., for downstream water rights and non-utilizable outflows), and includes 
depleted water and uncommitted utilizable outflows.  

- Depleted water includes: 
o Beneficial depletion, such as (i) process depletion (for an intended process); in 

the case of irrigated agriculture, it includes the water transpired by crops and 
incorporated into plant tissues); and (ii) non-process depletion (for a process 
other than the one for which the diversion was intended); this includes, for 
example, the water transpired by trees along an irrigation canal; and 

o Non-beneficial depletion (such as water flows to sinks).  
- Outflow from the domain comprises: 

o uncommitted outflows, both utilizable and non-utilizable (water that is not 
depleted and in excess of requirements for storage or operational capacity); and 
committed outflows for other purposes downstream, such as for downstream 
water rights, minimum streamflows, and offshore fisheries. 
 

[Figure 1 near here] 

The water accounting framework allows to show how much water is actually depleted in 
a given domain, where and for what purpose, compared to what is available. It provides a 
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means to generalize about water productivity, including at different scales—depending on the 
purpose of the analysis. It can provide first-order estimates of water use within agriculture and 
across sectors, and give insights into opportunities for real water savings. Some of the 
framework’s advantages are its ability to: 

 

- identify total water depletions (beneficial and non-beneficial); 
- distinguish between process (e.g., agriculture, cities, and industry) and non-process 

(e.g., forests, grassland and water bodies) beneficial depletions; 
- estimate the components of beneficial (either process or non-process) and non-

beneficial (e.g., water flows to sinks) depletions; and 
- account for downstream commitments. 

 
An application of the water accounting framework is in Figure 2. It illustrates the Nile 

River below the High Aswan Dam, drawing from water balance studies carried out between 
1993 and 1994. In this case, a large proportion of depleted water is used for process depletion, 
including crop production, and municipal, industrial and navigational uses. A further conversion 
of the non-beneficial portion of the remaining non-process depletion (non-beneficial drainage 
in excess of environmental requirements) would allow for improvements in the productivity of 
water (Molden et al., 1998a).  

[Figure 2 near here] 

Beyond ‘more crop per drop’ 

Early reflections on water productivity highlighted several limitations to restrictive ‘crop per 
drop’ interpretations and related performance indicators, and the need for methodological 
advances to assess the broader implications of improved water productivity, including the 
associated costs and benefits. Furthermore, restricting the interpretation and application of 
water productivity to crop outputs ignored important non-crop outputs, such as fisheries, 
livestock, environmental services, and other benefits (and costs) from the use and reuse of 
water (Rijsberman, 2006). Also, in some circumstances non-process uses, such as 
environmental services, provided as much or more value than process uses (Renault & 
Wallender, 2000; Murray-Rust & Turral, 2006).   

Several studies aimed to identify and, as far as possible, quantify process and non-
process (net) benefits from the use, and non-use, of water (Bakker, Barker, Meinzen-Dick & 
Konradsen, 1999; Bakker & Matsuno, 2001; Meinzen-Dick & Bakker, 1999, 2001; Renwick, 
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2001; Meinzen-Dick & van der Hoek, 2001; Hussain, Turral, Molden, & Ahmad, 2007; Molden et 
al., 2007b). One of the key findings was that conventional ‘crop per drop’ indicators of water 
productivity may not provide reasonable estimates of the overall (net) benefit or value of 
water—as they do not incorporate the broader uses, and do not account for the direct and 
indirect costs and benefits at various levels and how these values may vary across time, space 
and users (Hussain et al., 2007).  

Further, while it was often argued that improving water productivity was an inherently 
good idea, some of the early studies already cautioned against the unreflective use of the 
concept in terms of ‘more crop per drop’. A main reason pointed out was that a focus on a 
single-factor productivity metric in complex agricultural production processes with multiple 
factors (or inputs) may provide misleading results from the perspective of the farmer as well as 
the economy as a whole (Barker, Dawe, & Inocencio, 2003). An example would be extension 
agents who focus on helping farmers realize potential gains in water productivity (in physical or 
‘economic’ terms) without considering the often significant additional costs involved. Such 
gains tend to require more labor, better management, new technologies, or other additional 
inputs. Yet the change in these inputs—together with the related financial and economic costs 
and benefits—is usually not incorporated into single-factor productivity metrics. A greater 
understanding of these costs and benefits would be needed to adequately inform policy and 
investment advice for enhancing water productivity to address broader development objectives 
(Barker et al., 2003; Kijne, 2003).  

These reflections prompted a broadening in the definition of water productivity in 
irrigated agriculture and related metrics to include a wider perspective on water use, and crop 
and non-crop and other livelihood and ecological costs and benefits from improving water 
productivity. Researchers argued that water productivity should be understood in the ‘widest 
possible sense’ with the ultimate objective of increasing yields, fisheries, ecosystem services 
and direct social benefits at less cost (social and ecological) per unit of water consumed 
(Rijsberman, 2006; Molden, Oweis, Steduto, Bindraban, Hanjra, & Kijne, 2010).  

Applied research 

Over the last two decades, hundreds of publications and reports have been produced that 
apply water productivity concepts and cover different geographies, contexts, and scales. Out of 
this larger body of research, a selection is discussed below with a focus on three thematic 
areas: water productivity analysis and mapping, pathways to increase water productivity, and 
potential contributions to broader development objectives.  
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Water productivity analysis and mapping 

Water accounting and the related performance indicators presented in the previous section 
provided a useful framework to assess water inflows, uses and outflows across different spatial 
scales. It helped to overcome some of the limitations of the classical irrigation efficiency 
concepts, including by incorporating other uses besides crop water use and making more 
explicit the interactions between different uses, such as agricultural and non-agricultural uses. 
The framework allowed to analyze total (beneficial and non-beneficial) water depletion, assess 
strategies to improve water productivity, identify opportunities for real water savings, and 
assess the net benefits (in terms of changes in the water productivity indicators) from water 
reallocation (Murray-Rust & Turral, 2006).  

However, even though the indicators had been kept simple, the availability of primary 
data, the time and resource challenges to gather additional data, and methodological 
constraints often hampered their application in field studies (Sakthivadivel, de Fraiture, 
Molden, Perry & Kloezen, 1999; Murray-Rust & Turral, 2006). Further problems were 
encountered at larger scales, such as the irrigation system or the basin. To ease these 
constraints, integrated crop and hydrologic modeling—later in combination with remote 
sensing tools—was increasingly used to simulate the process of water flows and measure water 
productivity in its various forms at various scales (e.g., Kite & Droogers, 2000; Droogers & Kite, 
2001a, 2001b; Ines, Droogers, Makin, & Das Gupta, 2002; Aerts & Droogers, 2004). Modeling 
allowed researchers to extrapolate and generate scenarios to complement data derived from 
field studies. Remote sensing techniques provided important additional data inputs, such as 
estimates on land use and water consumption, and allowed to simulate scenarios at multiple 
spatial and temporal scales and assess water productivity (Karimi, 2014). Remote sensing also 
contributed to the further development of the water accounting framework, called Water 
Accounting Plus (WA+), that allows to assess not only water flows, stocks and consumption in 
river basins but also the potential impacts of different water management strategies on, for 
example, agricultural production and environmental services (Rebelo, 2016). 

Over the past two decades, advances in mapping, modeling and remote sensing 
techniques have eased some of the challenges in assessing water productivity and its variation 
in different contexts, and also contributed to a better framework for water accounting. 
Technical and methodological challenges remain, however, including in the accuracy and 
interpretation of water productivity and accounting measures (Molden et al., 2010; Cai et al., 
2011; Karimi & Bastiaanssen, 2015; Karimi, Bastiaanssen, Sood, Hoogeveen, Peiser, Bastidas-
Obando, & Dost, 2015). Moreover, even with these technological advances, water productivity 
measures on their own do not necessarily provide sufficient information to determine whether 
increasing water productivity is desirable and if so, what specific actions need to be taken 



 
 

 

9 
 

(Lautze, Cai, & Matchaya, 2014; Wichelns, 2014a, 2014b). This requires an understanding of 
different pathways for interventions, the context in which the pathways are introduced, and 
the related costs and benefits in terms of production, livelihoods and ecological effects. Some 
of the applied studies have addressed these aspects.  

Pathways to increase water productivity 

Four main pathways have been identified for increasing water productivity with different 
interventions at the scale of the irrigation system or basin (Molden, Sakthivadivel & Habib, 
2001a; Molden et al., 2003, 2007b): increasing yield per unit of water consumed, reducing non-
beneficial depletion, tapping uncommitted flows, and reallocating water among uses. The 
pathways implicitly target different formulations of water productivity: The first pathway 
focuses on achieving more yield per unit of water consumed, while the fourth pathway is about 
increasing water productivity expressed in ‘economic’ terms (expressed in USD/m3); the second 
and third pathways aim to increase the amount of water available for beneficial use. Some 
research highlights on the four pathways and the related interventions and water productivity 
indicators are presented below. As will be seen, many studies incorporated elements from 
more than one pathway to increase water productivity.  

Increasing yield per unit of water consumed. Studies on this pathway discuss as possible 
interventions management practices for improving the timing of water supplies using 
supplemental irrigation or deficit irrigation. In dry regions, moisture availability, especially 
during critical periods, is frequently the most significant factor limiting agricultural production 
(Oweis, Hachum & Kijne, 1999; Hessari, Bruggeman, Akhoond-Ali, Oweis & Abbasi, 2012). 
Several longer-term studies, conducted in northern Syria, found that rainfall supplemented by 
irrigation increases water productivity (in terms of yield per unit of water consumed) in wheat 
systems by alleviating moisture stress during the most sensitive stages of crop growth period 
(Oweis et al. 1999; Zhang & Oweis, 1999; Oweis & Hachum, 2003). Supplemental irrigation 
combined with deficit irrigation likewise increased water productivity through improved yields, 
compared to rainfed conditions (Oweis & Hachum, 2003; Zhang & Oweis, 1999).  

While these cases illustrate the potential for water productivity increases, it is not clear 
whether these productivity gains in the form of increased yield per unit of water consumed at 
the field or irrigation system level would translate to increased productivity at the basin scale. 
Cost and risk considerations would also need to be taken into account (Kijne, 2003). For 
example, deficit irrigation requires precise management in terms of scheduling water and other 
inputs, information on rainfall amounts and distribution, and specialized agronomic knowledge 
on crop water use and crop response to factors such as water deficits, planting dates and 
nitrogen application (Oweis & Hachum, 2003).  
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Reducing non-beneficial depletion. This pathway involves reducing ‘losses’ with the aim of 
generating real water savings (Molden et al., 2003). The related research focused on the 
introduction of two types of interventions: more capital-intensive technologies, such as 
sprinkler, drip and other micro-irrigation technologies, and agronomic practices, such as land 
leveling and zero tillage. While many studies identified a potential to reduce non-beneficial 
depletion, a recurrent theme has also been the need to consider scale, hydrology and the wider 
context in the interpretation and potential application of the results. It was often assumed, for 
example, that micro-irrigation technologies will result in less water consumption than surface 
irrigation. This is not necessarily the case. Rather, the outcome depends on the biophysical and 
institutional context as well as the specific technologies and agronomic practices applied and 
how they are managed (Seckler, 1999; Molden, Sakthivadivel & Keller, 2001b; Molden et al., 
2007b; Kendy, Molden, Steenhuis, & Liu, 2003; Kijne, 2003; Ward & Pulido-Velazquez, 2008; 
Dagnino & Ward, 2012; Pfeiffer & Lin, 2014; Fishman, Devineni & Raman, 2015).   

Research in the rice-wheat zone of Pakistan’s Indus Basin illustrated this point. Ahmad, 
Masih, Turral, Giordano & Masood (2006), Ahmad, Giordano, Turral, Masih & Masood (2007a,) 
Ahmad, Turral, Masih, Giordano & Masood (2007b), and Ahmad, Masih & Giordano (2014) 
examined the impact of two ‘resource conservation’ technologies, laser leveling of fields and 
zero tillage, on water application, water productivity, and real water savings at field, farm and 
irrigation system level. They showed that, as expected, the introduction of these technologies 
reduced water applications at the field scale and thus increased water productivity in terms of 
yield and income per unit of water applied. However, this encouraged farmers with access to 
fallow land (generally medium- and large-scale farmers) to expand their irrigated area. Overall, 
the increase in field-scale water productivity (in terms of water application) did not result in 
reduced water use (in terms of consumptive use) at the farm or larger scales. In a different 
context, where the irrigated area cannot be expanded or where institutional arrangements 
restrict expansions, for example, the outcome would have been different—highlighting the 
range of factors that may influence the outcomes from water productivity-related 
interventions.  

Tapping uncommitted flows. In many locations, adding water storage above or below ground is 
a key intervention to tapping uncommitted flows. Another measure can be replacing surface 
with groundwater irrigation; studies suggested that this could help increase both physical and 
‘economic water productivity, especially if the denominator is expressed in terms of water 
applied (DebRoy & Shah, 2003; Shah, 2014). This increase may be the result of several factors, 
including lower water applications, an associated switch to higher-value crops, better timing of 
the water applications, and higher investments in complementary inputs (such as fertilizers and 
high-yielding seed varieties) given the greater reliability of groundwater (DebRoy & Shah, 2003).  
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However, increases in water productivity resulting from tapping uncommitted flows are 
often associated with significant costs. Depending on the hydrologic context, and the 
underlying definition of water productivity, costs may also occur in terms of groundwater 
depletion. An illustration for this is research carried out in the North China Plain, an important 
agricultural production center. Since the 1960s, groundwater was the primary source of 
irrigation water, mainly to supplement unpredictable rainfall patterns. In response to increasing 
competition for groundwater supplies from industry, the agriculture sector moved toward 
improving irrigation efficiency (in terms of water application) through the adoption of ‘water-
saving’ technologies. Between the 1970s and 2000, groundwater pumping rates decreased by 
more than 50 percent. However, over that same period, groundwater levels continued to 
decline. This was at least partly due to the local hydrology: The local shallow aquifers are 
replenished by rainfall and runoff, and depleted by evapotranspiration. If precipitation is higher 
than evapotranspiration in a given year, runoff and groundwater recharge occurs. If 
evapotranspiration continually exceeds annual rainfall, which was the case starting from the 
1960s, groundwater will be mined. Consequently, while groundwater pumping declined and 
irrigation efficiency improved, the proportion of groundwater pumped that was consumed by 
crops increased significantly and return flows to the aquifers declined (Kendy et al., 2003; 
Frederiksen et al., 2012).  

Reallocating water among uses. One of the interventions to increase ‘economic’ water 
productivity (in the conventional definition of gross value of product relative to water applied) 
is the reallocation of water from lower to higher-value uses (Molden et al., 2003; Molle, 2003b). 
Reallocations can occur within the agricultural sector (e.g., from staple grains to horticulture 
crops) or across sectors (e.g., from agricultural to the industrial sector).  

Reallocating water from agriculture to other sectors is often emphasized as a way of 
reducing problems of water stress and contributing to broader societal goals. It is seen as a 
pillar of water demand management, making better use of available resources as opposed to 
augmenting supplies. Since in many instances irrigation efficiency tends to be low (with a large 
portion of water withdrawn and applied not consumed by crops), it is commonly believed that 
improving irrigation efficiency could free up substantial quantities of water for reallocation to 
other higher-value uses. However, given that water used for irrigation is in many instances 
recycled downstream, the potential savings from reallocating agricultural water are often 
limited and may be problematic when downstream users are affected (Scott, Silva-Ochoa, 
Florencio-Cruz & Wester, 2001; Molle, 2003b; Molle, Wester, Hirsch, Jensen, Murray-rust, 
Paranjpye, Pollard & van der Zaag, 2007; Molle & Berkoff, 2006, 2009; Wester, Vargas-
Velázquez, Mollard, & Silva-Ochoa, 2008).  

The economic gains from intersectoral water reallocations may also not be as high as 
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often expected. For example, if measured in terms of ‘economic’ water productivity, a 
comparison of the respective values can be misleading since social, environmental and political 
costs tend not to be included in the calculations. Such re-allocations require value judgments 
and priority setting to balance different objectives (Barker et al., 2003). 

Water productivity and broader development objectives 

Interventions to improve water productivity may seek to contribute to different development 
objectives. Two key objectives are increasing agricultural production to meet rising food 
demands and reducing agricultural water use to facilitate reallocations to other sectors. Two 
additional objectives are raising farm-level income and alleviating poverty and inequity in the 
agriculture sector. In many instances, water productivity interventions have embraced more 
than one development objective. Some of the applied research explored the relationship 
between interventions to increase water productivity and their contribution to the different 
development objectives 

Increasing agricultural production to meet rising food demands. Concerns over food security 
and growing water scarcity were at the heart of the call for increased agricultural water 
productivity in the mid-1990s. Studies showed significant differences in water productivity for 
various regions of the world, suggesting considerable variations in the scope for raising yield 
relative to water consumption (Sadras & Angus, 2006; Molden et al., 2007b).  

Yet the linkages between water productivity and agricultural productivity are not 
straightforward. While some progress was made in identifying and quantifying the 
contributions of water and other factors to crop yields, the magnitude of each factor’s 
contribution was found to vary significantly depending on the physical location, the related 
hydrologic and climatic setting, and other variables (Hussain, Marikar & Jehanir, 2000; Hussain, 
Sakthivadivel, Amarasinghe, Mudasser & Molden, 2003; Hussain, Mudasser, Hanjra, 
Amarasinghe & Molden, 2004; Hussain et al., 2007; Kumar, Sharma & Singh, 2009). More 
fundamentally, the findings impressed the point that farmers’ decisions regarding cropping 
patterns and water use are influenced by a range of context-specific (water- and non-water-
related) variables. Thus, a focus on water productivity values in isolation can mask important 
other variables affecting agricultural production (Lautze et al., 2014). Consequently, policy 
actions aimed at improving water management for agricultural production need to consider the 
range of factors and resource constraints that influence farm-level practices and marketing 
decisions, many of which have no relation to water (Wichelns, 2003, 2014b; Lautze et al., 2014).   

Reducing agricultural water use to facilitate reallocations to other sectors. Increasing 
agricultural water productivity was also seen as a means to ‘save’ water for reallocations to 
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other sectors (Molle and Berkoff, 2006). However, the literature points to a rather mixed 
picture on the linkage between gains in water productivity and the facilitation of reallocations 
(e.g., Hong et al., 2000; Scott et al., 2001; Molle, 2003b; Molle & Berkoff, 2006; Molle et al. 
2007; Wester et al., 2008). Two cases from IWMI’s research illustrate this point—as well as the 
importance of clearly defining water productivity and the associated gains. 

In the Yangtze river basin, specifically the Zhanghe Irrigation District in Hubei Province, a 
study explored the impact of water reallocations from irrigated rice to other sectors during the 
1990s and early 2000s (Molle & Berkoff, 2006). They were supported by a suite of 
complementary technical, managerial and policy interventions. At the farm level, volumetric 
fees were charged for water supplies, water conservation practices were introduced, and ponds 
were constructed or rehabilitated to capture rainfall and reduce farmers’ reliance on reservoir 
water. At the system level, incentives were put in place to reduce allocations for irrigation while 
still ensuring sufficient releases to meet food production goals. The study found that despite 
significant reductions in water releases from the reservoir and associated declines in planted 
area, rice production did not similarly decline and yields doubled. As a result, water productivity 
(in terms of yield per unit of water withdrawn from the reservoir) increased significantly. 
However, as farmers reused drainage water and gained access to alternative water sources 
(such as farm ponds), water productivity gains may not have been achieved in terms of yield 
per unit of water consumed (Roost, Cai, Turral, Molden & Cui, 2008).  

Research carried out in the Liuyuankou Irrigation District located in Yellow river basin 
provides a contrasting case. To meet demands from other sectors, surface water allocations for 
agriculture were reduced by nearly a third between 1968 and 2000 (Molle & Berkoff, 2006). 
While the objective was also the reallocation of agricultural water, no related interventions 
were not put in place; notably, no incentives or other mechanisms were provided to restrict 
groundwater use for agriculture. As a result, while surface water withdrawals for agriculture 
were reduced, farmers adjusted by pumping additional groundwater (Molden, Bin, Loeve, 
Barker & Tuong, 2007a; Loeve, Hong, Dong, Mao, Chen, Dave & Barker, 2004).  

Raising farm-level income. A third development objective for increasing water productivity is to 
raise farm-level income. This may be achieved, for example, by increasing production within a 
given cropping pattern or by changing the cropping pattern with a move to higher-value crops 
(Molden et al., 2003). Yet the effects on farm-level income may not be straightforward. For 
example, a study on the introduction of micro-irrigation technologies (drip and sprinkler 
systems) in the Indian states of Maharashtra and Gujarat showed that farmers were able to 
recoup their initial investment within 1 to 3 years. The technologies enhanced water 
productivity (in terms of water applied) as well as the productivity of other agricultural inputs, 



 
 

 

14 
 

and reduced the cost of production (Namara, Upadhyay & Nagar, 2005). However, while 
adopters of the micro-irrigation technologies usually reported gains in both yield and 
profitability, the majority of adopters were wealthier farmers; thus the poverty impact was not 
substantial. Moreover, the adopters produced more water-intensive crops than non-adopters 
and also increased cropping intensity. Similar to the case in the Indus Basin of Pakistan 
discussed above, the increase in water productivity and farm-level income resulting from the 
adoption of ‘resource conserving’ technologies was associated with an increasing (rather than 
decreasing) application of irrigation water.  

Alleviating poverty and inequity in the agriculture sector. A fourth development objective of 
water productivity related interventions can be alleviation of poverty and inequities in the 
agricultural sector. Studies suggested that water productivity and poverty are only weakly 
linked, and that there is also no clear relationship between poverty and water scarcity within a 
basin (Fisher, Harding & Kemp-Benedict, 2014). Rather, the severity of poverty is more 
dependent on the level of control than the physical endowment of water (Namara, Hanjra, 
Castillo, Ravnorg, Smith & van Koppen, 2010). Stronger linkages also exist between poverty and 
other factors, such as access to basic services—ranging from safe drinking water and sanitation 
to healthcare, education, finance, and markets (Fisher et al., 2014; Vidal, Harrington & Fisher, 
2014). Moreover, when relationships were found between the provision of irrigation water and 
livelihood outcomes, they were closely linked with the level of economic development and 
institutional factors (Molle, 2003a; Cook, Fisher, Andersson, Rubiano & Giordano, 2009; Kemp-
Benedict, Cook, Allen, Vosti, Lemoalle, Giordano, Ward, & Kaczan, 2011; Fisher et al., 2014). 
Thus, poverty was found to be more dependent on the stage of a basin’s economic and 
institutional development than the availability of water resources (Cook, Fisher, Tiemann & 
Vidal, 2012; Vidal et al., 2014). Irrigation may play a role in improving livelihood outcomes, but 
only alongside improvements in other factors, such as access to markets and a supportive 
institutional environment (Kemp-Benedict et al., 2011).   

Complex linkages were also found in relation to inequity; interventions for increasing 
water productivity could either reinforce or reduce inequities (Clement, Haileslassie & Ishaq, 
2011a; Clement, Haileslassie, Ishaq, Blümmel, Murty, Samad, Dey, Das & Khan, 2011b; 
Mapedza, Amede, Geheb, Peden, Boelee, Demissie, Van Hoeve & Van Koppen, 2008). Within a 
community, the benefits from the introduction of technologies or practices would often benefit 
some farmers more than others (Ahmad et al., 2007a, 2007b, 2014). Thus it is important to 
identify preexisting inequities in the access to water and other resources among farmers within 
a community and among communities in order to better target interventions and/or avoid 
exacerbating inequities (Clement et al., 2011b). 



 
 

 

15 
 

Key insights from two decades of water productivity research 

Since the 1990s, significant conceptual and methodological advancements and insights have 
emerged from applied research on agricultural water productivity. Through that research, a 
more nuanced understanding of the concept has also emerged, highlighting its usefulness and 
limitations, as well as its operationalization and contribution to broader development 
objectives. Seven key insights are highlighted below. 

Key terms need to be properly defined and discussed. Productivity and efficiency concepts 
require clear definition when applied to complex problems in water management. Many 
reports and much of the public debate continues to be vague on the meaning of ‘water 
productivity’ and the different notions of efficiency, often using the terms interchangeably—
with little discussion on how to define and measure them, what to do for increasing them and, 
importantly, how to monitor and assess changes (Scheierling et al., 2016). The terms then 
become generic to label an array of performance indicators and even development objectives. 
In part, this is due to the multi-disciplinary nature of the topic, with different disciplines using 
different definitions, and promoting different interventions), with relatively limited exchange 
between the disciplines. While progress has been made in bridging disciplinary boundaries, 
further discussion would clearly benefit from more intensive interdisciplinary collaboration and 
outreach to the general public and decision makers. 

Understanding of the hydrological setting and appropriate scale is critical. The concept of 
agricultural water productivity initially evolved as a means of producing more agricultural 
output with the same amount or less water. A wide range of interventions has been proposed 
to promote increased water productivity. To understand where and how productivity gains can 
be made—and possibly also “real” water savings achieved—requires consideration of the 
specific hydrological setting, and the appropriate spatial and temporal scale of analysis. With 
growing water scarcity, the interdependencies among water users increases and gains from the 
use of water in one location may result in losses in another. Thus, to ensure that a proposed 
intervention fits the local context and achieves the desired effects requires clear definition of 
‘water productivity’ together with an understanding of the water balance in a given domain 
(Molden et al., 2001b; Kendy et al., 2003).  

Interventions need to be aligned with the objectives and incentives of various decision makers. 
At the policy level, increases in agricultural water productivity are usually called for in 
connection with the need to meet rising food demand or to reallocate water to other uses. 
Farmers, though, may be interested in these objectives only insofar as they contribute to 
maintaining or increasing farm-level income—with water being only one of many often 
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dynamic and context-specific factors affecting crop production and decision making. Tools are 
needed to place these different perspectives in context, so that the various factors influencing 
different users and decision makers at various levels can be identified and the costs and 
benefits, and their distribution, from increases in water productivity can be estimated when 
designing polices or promoting interventions to enhance water productivity. 

Well-intended interventions may result in unintended consequences. Risks and cost 
considerations for farmers and for society as a whole may go unnoticed in the promotion of 
water productivity-enhancing practices. Water productivity increases involving higher yields 
may come in the form of more polluted drainage flows due to farmers’ more intensive use of 
fertilizers and pesticides. Yields (and farm-level incomes) may decrease with interventions that 
aim at reducing crop consumptive use for achieving real water savings, such as deficit or partial 
irrigation. Further, the adoption of ‘water-efficient’ technologies and practices involving a 
switch to higher-value crops may increase the exposure to market fluctuations which may 
disproportionally affect poor farmers because they tend to be less able to cope with or manage 
risk (van Ittersum, Cassman, Grassini, Wolf, Tittonell & Hochman, 2013). Consequently, unless 
the possible trade-offs—such as effects on downstream users, increased risk and uncertainty, 
and rising inequities—are properly incorporated into the assessments, and efforts made to 
minimize them, changes in water productivity estimates may not be useful to evaluate policy 
interventions (Bakker et al., 1999; Barker et al., 2003; Kijne, 2003; Wichelns, 2014a, 2014b). 

Increasing agricultural water productivity is not a goal in and of itself. Interventions for water 
productivity gains should not be seen and pursued in isolation. Rather, they need to be 
integrated with, and contribute to, one or more of the broader development objectives. Yet 
research conducted by IWMI and others has also suggested that the relationship between 
water productivity and these objectives is not straightforward, and assessments need to 
incorporate the trade-offs. For example, in the case of the development objective of increasing 
agricultural production, it is not clear if a contribution has been made when a water 
productivity measure increases. The ratio may have improved due to a reduction in water use 
(however defined) while output remained constant or even decreased. Furthermore, the point 
of maximum water productivity may be very different from the point of maximum crop yield 
(Wichelns, 2014a). More complications arise when water productivity estimates are compared 
over different crop types and over time, and without further information and analysis it is not 
obvious which situation should be preferred over the other.   

Limitations of single-factor productivity metrics must be kept in mind. Similar to land 
productivity or labor productivity, water productivity focuses on one factor in a multi-factor, 
and usually also multi-output, production process. In general, single-factor productivity metrics 
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do not give a full picture of the natural, market or policy context in which agricultural 
production takes place. For example, water productivity ratios expressed in kilograms per cubic 
meter or US dollars per cubic meter are often used for making comparisons across users, 
sectors and over time. It is then important to keep in mind that different water productivity 
values do not necessarily reflect water-related issues, but may be the result of many other 
factors and their respective intensity of use, and, depending on the formulation of the ratio, 
also the result of different outputs and their related prices. Such data can, therefore, provide 
only an incomplete, and potentially misleading, picture of the underlying drivers of water 
productivity, especially when used in isolation (Barker et al., 2003, Lautze et al., 2014; 
Scheierling et al., 2016). On its own, agricultural water productivity may be considered as a 
weak proxy variable for the objectives that are indeed of interest. However, when considered in 
context and as part of a larger suite of indicators, measures of water productivity can provide a 
basis to generate and test hypotheses on the underlying causes for the differences and, with 
further analysis, suggest possible intervention, including at different scales (Cai et al., 2003; 
Fuglie, 2014). 

New technologies and data sources should be increasingly used and cross-disciplinary 
approaches promoted. Tools such as water accounting, hydrologic and crop models, and the 
data generated with remote sensing technologies have been fundamental to the improvement 
of the water productivity concept. The development and application of other approaches from 
related disciplines could also provide new insights and opportunities for improving the 
definition, assessment and analysis of agricultural water productivity and efficiency. In 
economics, especially in the field of agricultural production economics, aspects related to 
productivity and efficiency have been defined and analyzed using more comprehensive 
approaches, taking into account a range of production factors. Recent surveys of the literature 
on agricultural productivity and efficiency, which explicitly include water aspects in the 
measurement of productivity and efficiency, showed that the field offers a number of useful 
approaches to assess multi-factor production processes (Scheierling et al., 2016; Scheierling and 
Tréguer, 2016, 2018). These findings suggest an opportunity to advance economic assessments 
of water productivity in irrigated agriculture, and to provide insights, in combination with other 
disciplinary approaches, on how water could be used better in different contexts and in support 
of different development objectives. 

Conclusions 

This paper discussed the concept of agricultural water productivity and its evolution from 
different efficiency concepts; the development of further indicators to assess and measure 
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change across a range of uses and scales, and their applications; the scope for water 
productivity gains in different contexts and scales, and the related pathways; as well as the 
rationale and thinking behind the importance of increasing water productivity, and the 
contribution to broader development objectives. It highlighted the need for precision in 
defining water productivity terms, and discussed their limitations. The importance of water 
accounting as an adaptable framework for estimating water uses and identifying opportunities 
for improvements has been stressed. Progress in the use of remote sensing to generate 
additional data for use in water accounting, and in integrated crop and hydrologic modeling, at 
a range of scales has also been discussed.   

In the rich body of literature on agricultural water productivity that has evolved over the 
past two decades, a shift becomes apparent from more theoretical deliberations (the need to 
produce more crops with the same or less amount of water) to a more practical discussion 
(where, why, and how to achieve this). Based on the methodological developments and applied 
research, a number of key insights emerge: scale and context matter, and so do objectives and 
incentives as well as data and approaches. This body of research suggests that the inherent 
value of single-factor water productivity metrics may not be as variables to be maximized but 
rather as initial, albeit imperfect, indicators for regions with increasing water scarcity of the 
potential for improvements; and as a basis for further analysis of the underlying causes for the 
differences, the possible interventions—that may or may not be related to water—and their 
likely impact.  

With growing water scarcity in many parts of the world, increases in agricultural water 
productivity seem to be desirable as a means to reduce overall water use in the agriculture 
sector. However, whether gains in water efficiency or productivity measured as single-factor 
productivity metrics are a relevant indicator at different scales of analysis and in different 
settings, or whether they contribute to broader development objectives, depends on a number 
of complex and interrelated factors, and requires more detailed analysis in those specific 
settings. The adoption of the SDGs in 2015, with the emphasis on increasing water-use 
efficiency across all sectors, provides an important moment to revisit the concepts of water 
efficiency and productivity, their use and limitations, particularly in relation to water savings. 
The insights of the previous section should be helpful in further operationalizing the 
implementation of the SDGs.  

A further conclusion from two decades of research on water productivity is the need to 
consider agricultural water productivity as part of a larger suite of metrics and approaches to 
help address water scarcity concerns and achieve broader development objectives. More 
intensive interdisciplinary collaboration would help arrive at more comprehensive approaches. 
Research presented here offers possible entry points with remote sensing, agronomy, 
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hydrology and economic approaches, in particular, from agricultural production economics and 
irrigation water economics. A focus on water productivity has brought greater attention to 
water scarcity and management issues and their complexity. There exists now a strategic 
opportunity to combine the lessons from this large body of research to tackle challenges, 
improve methods and application, and thus contribute to food and water security, economic 
growth and poverty alleviation goals.  
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Table 1. Key terms and definitions 
 
Classical irrigation efficiency refers to the ratio of water consumed by crops relative to water applied or, in some 
instances, relative to water withdrawn from a source. The numerator sometimes takes into account effective 
precipitation, by deducting it from the water consumed. To assess losses in the conveyance and application of 
irrigation water, the terms conveyance efficiency (ratio of water received at the farm gate relative to the water 
withdrawn from the water source) and application efficiency (ratio of water stored in the root zone and ultimately 
consumed by crops relative to the water delivered to the farm gate), respectively, are used.  
 
Sources: Israelsen, 1932, 1950; Keller and Keller, 1995; Burt, Clemmens, Strelkoff, Solomon, Bliesner, Hardy, 
Howell, & Eisenhauer, 1997; Cai, Molden, Mainuddin, Sharma, Ahmad, & Karimi., 2006; Jensen, 2007.   
 
Water-use efficiency refers to the ratio of plant biomass (or yield) relative to the water consumed (or, in some 
instances, transpired). In the fields of plant physiology and agronomy, it is typically expressed in kilograms per 
cubic meter (kg/m3).  
 
Sources: Viets, 1962; Molden, 1997; Renault and Wallender, 2000; Howell, 2001; Hsiao, Steduto, & Fereres, 2007; 
Perry, Steduto, Allen & Burt, 2009. 
 
Effective irrigation efficiency is defined as the ratio of water consumed, minus effective precipitation, relative to 
the effective use of water. Effective use of water is the difference between water inflow to an irrigation system 
and water outflow (with both flows discounted for the leaching requirements to hold soil salinity at an acceptable 
level). The term was developed to address some of the limitations of classical irrigation efficiency by taking into 
account the quantity of water delivered from, and returned to, a water supply system (as well as the leaching 
requirements).  
 
Sources: Keller and Keller, 1995; Keller, Keller, & Seckler, 1996; Cai, Ringler, & Rosegrant, 2006; Jensen, 2007. 
 
Water productivity refers to the ratio of physical production (in terms of biomass or crop yield) or, in some 
instances, ‘economic value’ of production (in terms of gross or net value of product) relative to water use (in terms 
of water withdrawn, applied or consumed). It is, therefore, expressed in kilograms per cubic meter (kg/m3) or US 
dollars per cubic meter (USD/m3). The selection of the numerator and denominator depends on the scale and 
focus of the analysis.  
 
Sources: Molden, 1997; Molden, Sakthivadivel, Perry, de Fraiture, & Kloezen, 1998b; Molden and Sakthivadivel, 
1999; Jensen, 2007. 
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Figure 1. Water accounting framework 

  
 
Source: Adapted from Molden, Murray-Rust, Sakthivadivel, & Makin, 2003. 

 

 

Figure 2. Water accounting framework for the Nile River below the High Aswan Dam (1993-
1994) 

 
Source: Molden and Sakthivadivel, 1999. 
Note: ET = Evapotranspiration. 
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