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Abstract

:

Present water shortage is one of the primary world issues, and according to climate change projections, it will be more critical in the future. Since water availability and accessibility are the most significant constraining factors for crop production, addressing this issue is indispensable for areas affected by water scarcity. Current and future issues related to “water scarcity” are reviewed in this paper so as to highlight the necessity of a more sustainable approach to water resource management. As a consequence of increasing water scarcity and drought, resulting from climate change, considerable water use for irrigation is expected to occur in the context of tough competition between agribusiness and other sectors of the economy. In addition, the estimated increment of the global population growth rate points out the inevitable increase of food demand in the future, with an immediate impact on farming water use. Since a noteworthy relationship exists between the water possessions of a country and the capacity for food production, assessing the irrigation needs is indispensable for water resource planning in order to meet food needs and avoid excessive water consumption.
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1. Introduction


As the most important resource for life, water has been a central issue on the international agenda for several decades. Nowadays, many areas of the world are affected by water scarcity [1]. The projected increase of the world population growth rate [2] suggests that higher food demand is expected in the future, with a direct effect on agricultural water usage. In addition, as a result of the increased water scarcity and drought due to climate change [3], extensive water use for irrigation is expected to occur in the context of increasing competition between agriculture and other sectors of the economy. In order to cope with future estimates of water shortages, some measures aimed at streamlining and optimizing the efficiency of water consumption in the agricultural sector are critical in view of the large volumes of water required for the production of crops. Irrigation is used to replace losses due to crop evapotranspiration and to achieve full production under the given growing environment [4]. Irrigation, however, is also applied to combat pests through products diluted in the water, for frost protection of sensitive crops, to apply nutrients that are dissolved in the water, to improve the physical properties of land, to remove excess salinity from the soil and to modify the soil pH.



Since the balance between water demand and water availability has reached critical levels in many regions of the world and increased demand for water and food production is likely in the future, a sustainable approach to water resource management in agriculture is essential. The sustainable water management concept refers to all practices that improve crop yield and minimize non-beneficial water losses. In addition, biofuel production is increasingly competing with food production, and this trend could reduce water resources and food availability [5]. The implications for water for food are evident.



In this context, the aim of this article is to provide a broad review of several water-related issues, including virtual water trade, water availability and future demand scenarios, and to propose potential solutions to cope with water scarcity for food production.




2. Basic Concepts of Water Resources


In addition to its quantitative and physical dimensions, the concept of water resources comprises also qualitative socio-economic and environmental dimensions. Water is divided in two types of resources: renewable and non-renewable water resources.



Groundwater and surface water, such as the average flow of rivers on a yearly basis, are considered renewable water resources, whereas deep aquifers, which do not have a significant replenishment rate on the human time scale, are deemed non-renewable water resources [6].



Water is also distinguished in terms of supply. Blue water is the liquid water above and below the ground (rivers, lakes, groundwater), and green water is the soil water in the unsaturated zone derived from precipitation [7]. The portion of water that is directly used and evaporated by rainfed agriculture, pastures and forests is defined as green water. Thus, green water flow has two components: The productive part, or the transpiration involved in biomass production in terrestrial ecosystems, and the non-productive part, or evaporation [8]. Blue and green water are both viewed as renewable resources in the broad sense; however, only blue water is assessed in the strict sense.



A method for assessing the renewable water resources by country was first described in 1996 [9]. It computes the total renewable water resources (TRWR) of a country and assesses the dependency ratio from neighboring countries. The TRWR are the sum of internal renewable water resources (IRWR) and external renewable water resources (ERWR). Those indexes have been defined by FAO [6], and a brief description follows. IRWR are the volume of water resources (surface water and groundwater) generated from precipitation within a country or catchments. Surface water flows can contribute to groundwater replacement through seepage in the riverbed. On the other hand, aquifers can discharge into rivers and contribute to their base flow, the only source of river flow during dry periods. Sometimes, these two concepts overlap, although surface water and groundwater are typically studied separately. ERWR are considered resources that enter from upstream countries through rivers or aquifers. ERWR are separated into two categories: natural and actual ERWR. The natural ERWR are equal to the volume of the average annual flow of rivers and groundwater that enter into a country from neighboring countries, while the actual ERWR consider the incoming flow and outflows that derive from upstream and downstream countries through formal or informal treaties. Therefore, the actual resource is related to the amount of flow shared with neighboring countries (geopolitical country constraints).



All of these considerations and analyses are necessary to understand how countries depend on the water resources of their neighbors. The ratio between the ERWR and TRWR gives the dependency ratio of a country, an indicator that expresses the part of the water resources originated outside the country. The dependency ratio ranges between 0%, where there is no dependency on external water, to 100%, where a country totally depends on the water resources from neighboring countries [6].



The total freshwater resources in the world are estimated to be in the order of 43,750 km3 year−1, distributed throughout the world; at the continental level, America has the largest share of the world’s total freshwater resources, with 45%, followed by Asia with 28%, Europe with 16%, and Africa with 9% [6]. In terms of resources per inhabitant in each continent, America has 24,000 m3 year−1, Europe 9300 m3 year−1, Africa 5000 m3 year−1 and Asia 3400 m3 year−1 [6].



However, at the country level, there is an extreme variability in terms of TRWR. For 19 countries or territories (e.g., Morocco, Algeria, Bahrain, Jordan, Kuwait, Libyan Arab Jamahiriya, Maldives, Malta, Qatar, Saudi Arabia, United Arab Emirates, Yemen), the TRWR per inhabitant are less than 500 m3 [6], the threshold that corresponds to the water scarcity levels proposed by Falkenmark [7], with Kuwait probably being the worst case (10 m3 per inhabitant) [6].



In terms of IRWR, North Africa and the Middle East are the most critical cases, with values that range from 0 to 1000 m3 year−1 per person (Figure 1), where the threshold of 1000 m3 per inhabitant is considered the water stress level.
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Figure 1. World map of internal renewable water resources (IRWR) per country in 2012 (data from World Bank Group [10]). 
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3. Growing Demand of Water for Food


Nowadays, “scarcity” is one of the adjectives most related to the word “water”; thus, many studies and projects focusing on the assessment of global water demand and its availability have been developed. In fact, water demand has reached critical levels in many areas of the world, especially in countries with limited water availability. The misuse of water resources, the lack of infrastructures to supply water and also climate change are some of the reasons for water scarcity, despite the vast amount of water on the planet. The Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment Report states that the magnitude of stress on water resources is expected to increase as a consequence of climate change, future population growth and economic and land-use change, including urbanization. According to the scenarios described in the IPCC Special Report on Emissions Scenarios [3,11], changes in precipitation and temperature may lead to changes in runoff and water availability, which, in turn, could affect crop productivity [3]. The physical, chemical and biological properties of freshwater lakes and rivers will be affected by the increase in temperature [3]. This change is predicted to negatively affect many freshwater species and community and habitat composition. Moreover, as a consequence of sea level rise in low-lying coastal areas, the quality of freshwater aquifers is influenced by the intrusion of saline water.



The rising atmospheric CO2 concentration is associated with higher temperatures and changes with precipitation patterns. Changes in precipitation patterns, the intensity and frequency of extreme events and soil moisture, runoff and evapotranspiration fluxes have already been observed, and more important changes are expected in the future [11]. The increase of precipitation at high latitudes and parts of the tropics and the decrease in some subtropical and lower mid-latitude regions are consistently projected by climate model simulations for the 21st century [11]. Sillmann and Roeckner [12] estimated a significant increase in extreme precipitation events in most regions of the world, especially in areas already relatively wet under present climate conditions. Analogously, dry spells are expected to increase, particularly in those regions that are characterized by dry conditions in the present-day climate, such as European regions [12]. Altered frequencies of extreme events, associated with melting of winter snow and with consequent reduced storage of precipitation as snow, result in decreased water availability and significant impacts on crop yield. In addition, the combined effect of higher temperature and the reduction of water availability in regions affected by falling annual or seasonal precipitation leads to the increase of crop evaporative demands, with the consequent reduction in crop yield and agricultural productivity, where temperature constrains crop growth [13].



On the other hand, several studies confirm a positive crop reaction to increased levels of CO2 in the absence of climate change [14,15,16]. In fact, higher CO2 concentrations reduce the stomatal conductance and transpiration rates of crops [17], enabling the improvement of water use efficiency and root water uptake capacity [18]. The positive effect on crop yield, due to the CO2 enrichment on plant growth and development, is called the CO2 fertilization effect [19].



Nowadays, 22% of the land surface is used for pastures and rangelands, and another 12% is used for agriculture [20]. Globally, water consumption for all sectors amounts to 9% of total freshwater resources in the world [21], with agriculture being the largest user, in turn accounting for approximately 70% of total water withdrawals [21,22], which is equivalent to 2700 km3 year−1 (including losses) [21]. Similarly, Shiklomanov [23] estimated that the agricultural sector receives up to two-thirds of the total water withdrawals and accounts for almost 90% of the total water consumption in the world. More than 80% of global agricultural land is rainfed, thus only green water is consumed [24]. However, irrigated land, representing only 18% of global agricultural land, produces about half of the world’s total supply [24]. This is because yields of irrigated crops are on average 2–3 times more than their rain-fed counterparts. The lowest values for specific annual fresh water withdrawals in agriculture (Figure 2) are observed in Northern Europe, between 0%–30% of the total water withdrawals. In Asia, Africa, Central and South America, the values for specific water withdrawal range from 50% to 100%. Alexandratos and Bruinsma [25] report that in the aforementioned countries, which have a great variety of climatic conditions, crop composition and watering techniques, irrigation water withdrawals range between 96 km3 in Sub-Saharan Africa and 708 km3 in East Asia; the highest values for specific water withdrawal are observed in South Asia, with 913 km3.



Globally, at least 7130 km3 of water are needed to satisfy crop evapotranspiration losses in agriculture, considering both blue and green water (irrigation delivery and on-farm system losses excluded) [24]; however, a considerable variation between regions is noticed (Figure 3). Irrigation is quite important in North Africa, the Middle East, the Near East and southern Asia, where more than 75% of food is produced by means of irrigation (Figure 3), and blue water crop evapotranspiration is about half of the total food crop evapotranspiration (Figure 3, pie charts). These regions, together with the Mediterranean region, Australia, the USA, Mexico, Northeastern Brazil and the west coast of South America, are considered water-stressed basins [1]. In addition, an increase in irrigation water demand, particularly in the aforementioned areas, is projected because of climate change [3].
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Figure 2. Annual fresh water withdrawals in agriculture per country (%), referring to total water withdrawals in 2012 (data from World Bank Group [10]). 
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Figure 3. Food crop evapotranspiration from rain and irrigation (km3) and production (%) by region. Note: production refers to the gross value of production. The pie charts show total crop water evapotranspiration in cubic kilometers by region. From the International Water Management Institute (IWMI) analysis done for the comprehensive assessment of water management in agriculture using the Watersim model (source: IWMI [24]; reproduced by permission from IWMI). 
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Fischer et al. [26] estimated future increases in irrigation water requirements by over 50% in developing regions and by about 16% in developed regions. In this study, the largest relative increases of irrigation water requirements are projected to occur in Africa (+300%) and Latin America (+119%) from 2000 to 2080. Furthermore, the most critical values of annual renewable freshwater resources are observed in the Middle East and Africa. In fact, the estimates made by Wallace [27] highlighted that the populations in the Middle East and southern Africa in the nineties of the last century had between 1000 to 2000 m3 of water per year. Whereas, during the same period, populations in the North African belt from Morocco to Egypt (including Sudan) had less than 1000 m3 of water per person per year. By 2050, the available water per capita per year will drop below 1000 m3, not only in the North African belt, but also in eastern and southern Africa and the Middle East [27].



In addition, some countries that are projected to experience physical water scarcity are already experiencing economic water scarcity (Figure 4). Economic water scarcity occurs when investments on infrastructure development (e.g., water supply pipe networks and reservoirs) needed to cope with the growing water demand are constrained by financial, human or institutional capacity [24]. Even though infrastructure might exist, high vulnerability to seasonal water fluctuations can lead to water scarcity for agriculture and domestic purposes. When infrastructure is inadequate, malnutrition can exist, even when water resources are abundant relative to water needs.



Future population growth is another factor to consider. With world population expected to grow by around 2.3 billion people between 2009 and 2050 [2,28,29], up to two-thirds of the world population could experience water scarcity over the next few decades [1,27,30,31,32,33,34,35,36]. As estimated by Roetter and Van Keulen [28], the median population growth projection for 2025 is between is 8.3 and 7.3 billion, compared with the present 6.4 billion, with an annual growth rate of approximately 1% between now and 2025 in Asia, where the population will grow by 650 million people. At present, nearly 80% of the world’s population is exposed to high levels of threat to water security [37], and the increase of world population will have a significant impact on water usage for food. Under a pessimistic low yield scenario, de Fraiture and Wichelns [38] estimated that 53% more crop water consumption and 38% more land are needed to achieve food production goals in 2050.




4. More Water for Food or Fuel?


Greater pressure on the global land and freshwater resources results from the increase of global food demand. Since 2007–2008, the convergence of global crises in food, energy, finance and the environment has driven a dramatic revaluation of land ownership [39]. More specifically, Rulli et al. [40] pointed out that the increased need for land is due to the increased global demand for biofuel, because of the growth of oil prices, the 2007 changes in the United States policy on bioethanol use and the 2009 Renewable Energy Directive adopted by the European Union. In order to satisfy their food and energy needs, some governments acquire lands in a foreign country creating, thus, the so-called “land grabbing” phenomenon. Zoomers [41] defined “land grab” as the production of food for export by finance-rich, resource-poor countries and biofuels for export. When the grabbed land is irrigated, land grabbing includes the acquisition of available freshwater resources, so that the ERWR in the surrounding and downstream areas is reduced, which can lead to water stress [42].
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Figure 4. Areas of physical and economical water scarcity at the basin level in 2007. Definitions and indicators: (1) Little or no water scarcity. Abundant water resources relative to use, with less than 25% of water from rivers withdrawn for human purposes; (2) Physical water scarcity (water resource development is approaching or has exceeded sustainable limits). More than 75% of river flows are withdrawn for agriculture, industry and domestic purposes (accounting for recycling return flows). This definition, relating water availability to water demand, implies that dry areas are not necessarily water scarce; (3) Approaching physical water scarcity. More than 60% of river flows are withdrawn. These basins will experience physical water scarcity in the near future; (4) Economic water scarcity (human, institutional and financial capital limit access to water, even though water in nature is available locally to meet human demands). Water resources are abundant relative to water use, with less than 25% of water from rivers withdrawn for human purposes, but malnutrition exists. From the International Water Management Institute analysis done for the comprehensive assessment for water management in agriculture using the Watersim model (source: IWMI [24]; reproduced by permission from IWMI). 
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The assessment of the water use for agricultural production in the top 24 grabbed countries [40] shows that most grabbed countries (Figure 5) are located in physical or economic water stress areas (Figure 4). Indonesia, the Philippines and the Democratic Republic of Congo show the highest grabbed green water rates, while Tanzania and Sudan are the countries most affected by blue water grabbing. Moreover, the amount of grabbed green water in Sudan and Tanzania is equal to 2.45 × 1010 m3 year−1 and 1.56 × 1010 m3 year−1, respectively, and this comprises almost half the volume of green water necessary to produce food [44] (4.84 × 1010 m3 year−1 in Sudan and 3.77 × 1010 m3 year−1 in Tanzania). The situation is even worse in the Democratic Republic of Congo, where the volume of grabbed green water is almost equal to the amount of green water for food production.
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Figure 5. Volumes of grabbed water and water necessary for food production in the 24 most land-grabbed countries. Blue water accounts also for water losses due to soil evaporation and drainage, and it is computed as the ratio between irrigation needs and the irrigation efficiency (Data from Rulli [40], FAO [21], and Mekonnen and Hoekstra [44]). 
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Crops that have multiple uses (food, fuel, industrial material) are grown with the aim to exploit the grabbed land under several economic points of view. Because these crops and commodities can be, or are thought to be, flexibly inter-changed, they are deemed “flex” crops [43]. These include, but are not limited to, soya (food, biodiesel), sugarcane (food, ethanol), oil palm (food, biodiesel, commercial/industrial uses) and corn (food, ethanol); cassava, coconut, beets, rapeseed and sunflower are other potential flex crops [43].



Commercially-grown biofuels need fertile lands and water, with a consequent competition of these two resources between fuel and food-crop production [5]. In addition, the large-scale monocropping of exotic species is leading to biodiversity loss [45], and while biofuel projects target water resources (especially in Africa), as opposed to the belief that biofuels utilize African marginal lands [46], there is the possible reduction of access to land by smallholder farmers [5].



Therefore, the expansion of crop production for biofuels increases the use of freshwater with the consequent worsening of water stress in some countries [47].




5. How Much Water Does Food Cost?


A significant connection exists between a country’s capability to produce food and its renewable water resources availability. In order to have a consumption-based indicator of water use that could provide useful information, the “water footprint” concept was introduced. Water footprint is defined as the total volume of freshwater that is used to produce the goods and services consumed by the people of the nation [48]. Mekonnen and Hoekstra [49] quantified that the global average water footprint in the period 1996–2005 was 1385 m3 per year per capita, and about 92% was related to the consumption of agricultural products. Moreover, it was estimated that the largest contribution to the water footprint of the average consumer was due to cereal products (27%), followed by meat (22%) and milk products (7%), where the contribution of different consumption categories to the total water footprint varied across countries [49]. In fact, in a range between 550 and 3800 m3 year−1 per capita, at the lowest rank was the Democratic Republic of Congo (552 m3 year−1 per capita), while Bolivia (3468 m3 year−1 per capita), Niger (3519 m3 year−1 per capita) and Mongolia (3775 m3 year−1 per capita) were the countries with the highest water footprint values [49].



Since not all goods consumed in a particular country are produced locally, the water footprint comprises the use of water resources that derive from other countries in addition to domestic water [50]. Thus, the “water footprint” and “virtual water” concepts are strictly related. Virtual water is defined as the volume of both blue and green water consumption required to produce commodities traded to an importing or exporting nation (or any region, company, individual, etc.). Allan [51] termed such food imports as “virtual water imports”, due to the fact that they are equivalent to a transfer of water to an importing country. Through importation of food and certain commodities that would otherwise consume great quantities of water, such as agricultural and livestock products, countries affected by water scarcity could alleviate this issue [52]. Hanasaki et al. [53] showed that the global virtual water export of five crops (barley, maize, rice, soybean and wheat) and three livestock products (beef, pork and chicken) is 545 km3 year−1. Of the total virtual water exports, 61 km3 year−1 (11%) were blue water and 26 km3 year−1 (5%) were nonrenewable and nonlocal blue water [53].



The net virtual water import flows are mostly observed in Japan, North Africa, Mexico, the Middle East, South Korea and Europe, while Australia, North and South America and southern Asia are major exporters of net virtual water [54] (Figure 6).
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Figure 6. Virtual water balance per country and the direction of gross virtual water flows related to trade in agricultural and industrial products over the period 1996–2005. The gross virtual water import is calculated by multiplying import volumes of various products by their respective product water footprint in the nation of origin. The gross virtual water export is found by multiplying the export volumes of the various export products by their respective product water footprint. Only the largest gross flows (>15 Gm3 per year) are shown (Source: Hoekstra and Mekonnen [54]; reproduced by permission from the Proceedings of the National Academy of Sciences of the United States of America (PNAS)). 
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Cereal imports have played a key role in compensating local water shortages. Many countries in Africa and Asia, which are considered water-scarce continents because of the high concentration of countries affected by this problem [55,56], are net importers of cereal grains. Especially in several countries, where the irrigated areas expanded relatively rapidly in the last two decades, e.g., Egypt, Algeria, Libya, Israel, Morocco and Tunisia, a significant import of cereals was still observed. Yang and Zehnder [57] reported that in 1998–1999, cereal imports accounted for 52% of the total supply in the six countries. Under the baseline scenario, the cereal demand is projected to increase by 38% by 2020, whereas, under the increased consumption scenario, cereal demand will rise up to 47% by 2020. This means that some countries will be unable to meet future food demands without importing, which will cause several poor, populous countries to drop below the water scarcity threshold due to population growth and the depletion of fossil groundwater. Therefore, the international trade in agricultural products and food grains has played and will continue to play a critical role in water-scarce countries.



At the same time, virtual water imports pose several issues on the concept of “food security”. The World Food Summit of 1996 established that “Food security exists when all people, at all times, have physical and economic access to sufficient, safe and nutritious food to meet their dietary needs and food preferences for an active and healthy life” [58]. Three essential concepts are at the benchmark of the food security theory: (i) Food availability (the amount of food constantly available); (ii) Food access (the ability to have sufficient resources to obtain appropriate food for a healthy diet); and (iii) Food utilization (the use of appropriate products based on basic knowledge of nutrition, water and adequate sanitary conditions) [58].



While the “virtual water” import demand can have an adverse impact on the stability of the world food economy, on the other hand, food imports are a valid way to create economic growth in water-scarce countries, maximizing the value of their limited water supplies for other economic sectors. The necessity of countries to meet their food requirements, however, creates uncertainties, mostly related to the policies of exporting countries.




6. Sustainable Use of Water in Agriculture: More Food with Less Water


As pointed out in the previous sections, the import-export of virtual water could help to alleviate the future increase of water demand for food due to climate change impacts and population growth. Increasing water scarcity and drought, however, point to the necessity for a more sustainable approach to water resource management in agriculture at the global, regional and local level [59]. In addition, in some countries (e.g., the Mediterranean region), irrigation is mainly applied during the summer, which coincides with the main tourism period and results in a competition between these two sectors. This aspect highlights the necessity of water resource planning to allocate water supply among different economic sectors.



The first step in the agricultural sector is to compute how much water is needed by crops with regard to climate conditions. Some techniques, such as soil monitoring, lysimeter, eddy covariance, the Bowen ratio and surface renewal, are used to monitor and measure irrigation needs. While the monitoring approach may require delicate and expensive sensors or the assistance of experts, the application of models (e.g., soil water balance models) could provide a low-cost method for on-farm and regional systems for computing the crop water requirement and estimating the depth of water storage required to satisfy the agricultural demand. Once the crop water requirement is known, improving the efficiency of the irrigation application is a key strategy for water savings in agriculture. The term “efficiency” is commonly used to indicate “the level of performance” of a system.



In the agricultural sector, the concept of “water use efficiency” is often used to highlight the relationship between crop growth development and the amount of water used. Sinclair et al. [60] described plant water use efficiency as the ratio of biomass accumulation (expressed as carbon dioxide assimilation), total crop biomass or crop grain yield to transpiration by the crop. This plant physiology concept differs from the on-farm irrigation concept of the efficient use of irrigation water to produce a crop. To avoid confusion between the plant-based water use efficiency and the agronomy/engineering concept of applying irrigation water efficiently to optimize production, the term “water productivity” is often used to quantify the efficient use of irrigation water. The water productivity is expressed as the agricultural production per unit of water applied, diverted or consumed (rainfall and/or irrigation), to produce a crop [61]. As pointed out by Playán and Mateos [61], an increase in water productivity ameliorates gains in crop yield, while reducing the amount of irrigation water contributing to unrecoverable losses. The increase of water productivity could be the solution for food needs accompanying the projected population growth.



Nowadays, many strategies are implemented to improve water productivity, starting with the optimal choice of irrigation system, followed by the application of the proper irrigation scheduling in terms of both timing and quantity of water applied and concluding with the choice of the best crop management with regards to the soil and climate conditions.



The selection of the proper irrigation system depends on several factors, such as water availability, crop selection, soil characteristics (deep percolation, runoff, evaporation rate and topography) and the associated installation and maintenance costs. The main systems are separated into gravity systems, where water moves naturally over the soil surface due to the force of gravity, and pressurized systems. There are several measures of irrigation efficiency that are described in Burt et al. [62], and readers are referred to that publication for more details. An important measure to evaluate the performance of irrigation systems is the application efficiency (AE), which is defined as the ratio of the average depth of irrigation water contributing to the target divided by the average depth of irrigation water applied. The ratio is multiplied by 100 to express the AE as a percentage. The target depth is generally based on the soil water depletion before irrigation or a smaller amount to adjust for rainfall contributions. The target can also include excess water for reclamation or for salinity control.



Many studies have been conducted to determine the AE for different systems, and the overall conclusion is that pressurized systems are generally more efficient for transporting water to crops than traditional gravity systems [63]. In recent years, several irrigation systems have significantly improved the application efficiency at the farm level, enhancing irrigation water management. Although the traditional gravity approach is still widely used, particularly in the southern part of Europe, it is gradually being replaced [64]. Nevertheless, the application efficiency of a system depends on the amount and timing of water applied, as well as on the considered crop, soil and climate conditions.



To maximize crop yield and meet the crop water requirement, irrigation to refill soil water depletion is typically applied at each irrigation. This approach is valid for most field crops and many orchard crops. Holzapfel et al. [65], however, indicated that providing deficit irrigation to some tree and vine crops can lead to more profits due to a small reduction in yield, but better quality and reduced water application.



Improving the crop technical efficiency may be another solution to overcome the water for food issue. The choice of the best cultivar, such as more drought-tolerant cultivars, or crop management with regards to the soil and climate conditions can provide a method to improve water productivity. For instance, shifting the planting date in response to climate change can be beneficial, especially for those crops with a spring-summer growing season. Simulations of irrigation requirements under climate change scenarios, where the planting date was shifted by a month or even earlier in the spring, showed optimal results [66,67] for some crops. In fact, planting earlier in the spring increases the length of the growing season, and it can increase the potential yield if the soil moisture is adequate and the risk of heat stress is low [68]. Otherwise, earlier planting combined with a short-season cultivar would give the best assurance of avoiding heat and water stress [69]. Kucharik [70] observed that the current yield trend toward earlier maize planting dates appears to have contributed to recent gains in yield between 19% and 53% in several states in the northern and western portions of the Corn Belt (Nebraska, Iowa, South Dakota, Minnesota, Wisconsin, and Michigan). The shorter growing season and earlier planting dates have significantly improved the yield by 0.06 to 0.14 Mg ha−1 for each additional day of earlier planting [70].




7. Conclusions


Water is a key resource for the development of any human activity. In many countries, the available water supply and the uneven distribution of these resources in time and space are pressing issues. It is projected that a large share of the world’s population, up to two-thirds, will be affected by water scarcity over the next several decades. The availability of water for farming is an essential condition for achieving satisfactory and profitable yields, both in terms of unit yields and quality. The correlation between the expected increase in irrigation water requirements, critical values of renewable freshwater resources and economic water scarcity, indicates the necessity for regional policy coordination and careful water management strategies at the national and site levels. Such policy coordination and water management strategies could avail themselves of scientific research that is actively involved in dealing with water scarcity. Currently, there are many studies on strategies and policies for water supply management, biomolecular and genetic research to find more drought-tolerant cultivars, on climate change and its impact on future irrigation requirements and yield and on climate adaptation strategies. More investments in infrastructure development (i.e., dams and water supply pipe networks) would help future populations cope with the growing water demand and where an uneven distribution of precipitation in time is expected. These investments are especially needed in those countries affected, or projected to be affected, by water scarcity.



The application of efficient water management strategies is a key element to increase water productivity. In addition to the assessment of crop management strategies, the improvement of irrigation systems and irrigation schemes can lead to a more efficient and sustainable agricultural water management. In addition, models may serve as a decision support tool for regional and on-farm system management to develop strategy scenarios for sustainable farming systems. Government funds (e.g., the Common Agricultural Policy rural development regulation of the European Union) already play a major role in financing measures to reduce agricultural water use, and they may be more effective in the future. Finally, attentiveness to the choices of appropriate policy measures in agriculture and the implementation of efficient farmer advisory schemes are critical for future economic growth in countries affected by water scarcity.







Acknowledgments


The research leading to these results has received funding from the Italian Ministry of Education, University and Research and the Italian Ministry of Environment, Land and Sea under the GEMINA project, as well as the European Community’s Seventh Framework Program (FP7/2007–2013) under Grant Agreement 244255 (WASSERMed project). The authors wish to thank the International Water Management Institute (IWMI), and the Proceedings of the National Academy of Sciences of the United States of America (PNAS) for allowing the use of figures.




Author Contributions


All of the authors contributed to the development of this paper; Noemi Mancosu gathered all data information and prepared the first draft of the paper; Richard L. Snyder, Gavriil Kyriakakis and Donatella Spano improved and revised the manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Alcamo, J.; Döll, P.; Kaspar, F.; Siebert, S. Global Change and Global Scenarios of Water Use and Availability: An Application of WaterGAP 1.0; University of Kassel: Kassel, Germany, 1997. [Google Scholar]

	



United Nations Department of Economic and Social Affairs, Population Division. World Population Prospects: The 2012 Revision, Volume II, Demographic Profiles (ST/ESA/SER.A/345); United Nations: New York, NY, USA, 2013. [Google Scholar]

	



Jiménez Cisneros, B.E.; Oki, T.; Arnell, N.W.; Benito, G.; Cogley, J.G.; Döll, P.; Jiang, T.; Mwakalila, S.S. Freshwater resources. In Climate Change 2014: Impacts, Adaptation, and Vulnerability. Part A: Global and Sectoral Aspects. Contribution of Working Group II to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change; Field, C.B., Barros, V.R., Dokken, D.J., Mach, K.J., Mastrandrea, M.D., Bilir, T.E., Chatterjee, M., Ebi, K.L., Estrada, Y.O., Genova, R.C., et al., Eds.; Cambridge University Press: Cambridge, UK and New York, NY, USA, 2014; pp. 229–269. [Google Scholar]

	



Doorenbos, J.; Pruitt, W.O. Crop water requirements. In FAO Irrigation and Drainage Paper 24, 2nd ed.; FAO: Rome, Italy, 1977. [Google Scholar]

	



Nhantumbo, I.; Salomao, A. Biofuels, Land Access and Rural Livelihoods in Mozambique; Institute for Environment and Development: London, UK, 2010. [Google Scholar]

	



Food and Agriculture Organization of the United Nations (FAO). Review of World Water Resources by Country; Water Report No. 23; FAO: Rome, Italy, 2003. [Google Scholar]

	



Falkenmark, M. Freshwater—Time for a modified approach. Ambio 1986, 15, 192–200. [Google Scholar]

	



Falkenmark, M.; Rockström, J. The new blue and green water paradigm: Breaking new ground for water resources planning and management. J. Water Res. Plan. Manag. 2006, 132, 129–132. [Google Scholar] [CrossRef]

	



FAO/BRGM. Les Ressources en Eau; FAO: Rome, Italy, 1996. (In French) [Google Scholar]

	



World Bank Group. Catalog Sources: World Development Indicators, data source: Food and Agriculture Organization, AQUASTAT data. Available online: http://data.worldbank.org/indicator (accessed on 15 October 2014).

	



Bates, B.C.; Kundzewicz, Z.W.; Wu, S.; Palutikof, J.P. Climate Change and Water; IPCC Secretariat: Geneva, Switzerland, 2008. [Google Scholar]

	



Sillmann, J.; Roeckner, E. Indices for extreme events in projections of anthropogenic climate change. Clim. Chang. 2008, 86, 83–104. [Google Scholar] [CrossRef]

	



Food and Agriculture Organization of the United Nations (FAO). Climate Change, Water and Food Security; FAO Water Reports No. 36; FAO: Rome, Italy, 2011. [Google Scholar]

	



Kimball, B.A.; Kobayashi, K.; Bindi, M. Responses of agricultural crops to free-air CO2 enrichment. Adv. Agron. 2002, 77, 293–368. [Google Scholar]

	



Jablonski, L.M.; Wang, X.; Curtis, P.S. Plant reproduction under elevated CO2 conditions: A meta-analysis of reports on 79 crop and wild species. New Phytol. 2002, 156, 9–26. [Google Scholar] [CrossRef]

	



Ainsworth, E.A.; Long, S.P. What have we learned from 15 years of free-air CO2 enrichment (FACE)? A meta-analysis of the responses of photosynthesis, canopy properties and plant production to rising CO2. New Phytol. 2005, 165, 351–372. [Google Scholar]

	



Olesen, J.E.; Bindi, M. Consequences of climate change for European agricultural productivity, land use and policy. Eur. J. Agron. 2002, 16, 239–262. [Google Scholar] [CrossRef]

	



Tubiello, F.N.; Ewert, F. Modeling the effects of elevated CO2 on crop growth and yield: A review. Eur. J. Agron. 2002, 18, 57–74. [Google Scholar] [CrossRef]

	



Idso, K.E.; Idso, S.B. Plant responses to atmospheric CO2 enrichment in the face of environmental constraint: A review of the past 10 years research. Agric. For. Meteorol. 1994, 69, 153–203. [Google Scholar] [CrossRef]

	



Leff, B.; Ramankutty, N.; Foley, J.A. Geographic distribution of major crops across the world. Glob. Biogeochem. Cycles 2004, 18, GB1009. [Google Scholar] [CrossRef]

	



Food and Agriculture Organization of the United Nations (FAO). AQUASTAT Database. 2012. Available online: http://www.fao.org/nr/aquastat (accessed on 20 June 2014).

	



Johnson, N.; Revenga, C.; Echeverria, J. Managing water for people and nature. Science 2001, 292, 1071–1072. [Google Scholar] [CrossRef] [PubMed]

	



Shiklomanov, I.A. World Water Resources. A New Appraisal and Assessment for the 21st Century; United Nations Educational, Scientific and Cultural Organization (UNESCO): Paris, France, 1998. [Google Scholar]

	



International Water Management Institute (IWMI). Water for Food, Water for Life: A Comprehensive Assessment of Water Management in Agriculture; Earthscan: London, UK, 2007. [Google Scholar]

	



Alexandratos, N.; Bruinsma, J. World Agriculture towards 2030/2050: The 2012 Revision; ESA Working Paper No. 12-03; FAO: Rome, Italy, 2012. [Google Scholar]

	



Fischer, G.; Tubiello, F.N.; van Velthuizen, H.; Wiberg, D.A. Climate change impacts on irrigation water requirements: Effects of mitigation, 1990–2080. Technol. Forecast. Soc. 2007, 74, 1083–1107. [Google Scholar] [CrossRef]

	



Wallace, J.S. Increasing agricultural water use efficiency to meet future food production. Agric. Ecosyst. Environ. 2000, 82, 105–119. [Google Scholar] [CrossRef]

	



Roetter, R.P.; van Keulen, H. Food security. In Science for Agriculture and Rural Development in Low-Income Countries; Roetter, R., van Keulen, H., Kuiper, M., Verhagen, J., van Laar, H.H., Eds.; Springer: Dordrecht, The Netherlands, 2008; pp. 27–56. [Google Scholar]

	



Food and Agriculture Organization of the United Nations (FAO). Feeding the World in 2050. World Summit on Food Security; FAO: Rome, Italy, 2009. [Google Scholar]

	



Shiklomanov, I.A. The world’s water resources. In Proceedings of The International Symposium to Commemorate 25 Years of the IHP; UNESCO/IHP: Paris, France, 1991; pp. 93–126. [Google Scholar]

	



Raskin, P.; Gleick, P.; Kirshen, P.; Pontius, G.; Strzepek, K. Water Futures: Assessment of Long-Range Patterns and Prospects; Stockholm Environment Institute: Stockholm, Sweden, 1997. [Google Scholar]

	



Seckler, D.; Amarasinghe, U.; Molden, D.J.; de Silva, R.; Barker, R. World Water Demand and Supply, 1990 to 2025: Scenarios and Issues; IWMI Research Report 19; IWMI: Colombo, Sri Lanka, 1998. [Google Scholar]

	



Alcamo, J.; Henrichs, T.; Rösch, T. World Water in 2025: Global Modeling and Scenario Analysis for the World Commission on Water for the 21st Century; Report A0002; University of Kassel: Kassel, Germany, 2000. [Google Scholar]

	



Vörösmarty, C.J.; Green, P.J.; Salisbury, J.; Lammers, R.B. Global water resources: Vulnerability from climate change and population growth. Science 2000, 289, 284–288. [Google Scholar] [CrossRef] [PubMed]

	



Wallace, J.S.; Gregory, P.J. Water resources and their use in food production. Aquat. Sci. 2002, 64, 363–375. [Google Scholar] [CrossRef]

	



Rockstrӧm, J.; Falkenmark, M.; Karlberg, L.; Hoff, H.; Rost, S.; Gerten, D. Future water availability for global food production: The potential of green water for increasing resilience to global change. Water Resour. Res. 2009, 45, 1–16. [Google Scholar]

	



Vörösmarty, C.J.; McIntyre, P.B.; Gessner, M.O.; Dudgeon, D.; Prusevich, A.; Green, P.; Glidden, S.; Bunn, S.E.; Sullivan, C.A.; ReidyLiermann, C.; et al. Global threats to human water security and river biodiversity. Science 2010, 467, 555–561. [Google Scholar]

	



De Fraiture, C.; Wichelns, D. Satisfying future water demands for agriculture. Agric. Water Manag. 2010, 97, 502–511. [Google Scholar] [CrossRef]

	



Borras, S.M.; Hall, R.; Scoones, I.; White, B.; Wolford, W. Towards a better understanding of global land grabbing: An editorial introduction. J. Peasant Stud. 2011, 38, 209–216. [Google Scholar] [CrossRef]

	



Rulli, M.C.; Saviori, A.; D’Odorico, P. Global Land and Water Grabbing. Proc. Natl. Acad. Sci. USA 2013, 110, 892–897. [Google Scholar] [CrossRef] [PubMed]

	



Zoomers, A. Globalization and the foreign nation of space: Seven processes driving the current land grab. J. Peasant Stud. 2010, 37, 429–447. [Google Scholar] [CrossRef]

	



The Oakland Institute. Understanding Land Investment Deals in Africa. Land Grabs Leave Africa Thirsty. 2011. Available online: http://www.oaklandinstitute.org/sites/oaklandinstitute.org/files/OI_brief_land_grabs_leave_africa_thirsty_1.pdf (accessed on 20 June 2014).

	



Borras, S.M.; Franco, J.C.; Isakson, R.; Levidow, L.; Vervest, P. Towards Understanding the Politics of Flex Crops and Commodities: Implications for Research and Policy Advocacy; Think Piece Series on Flex Crops & Commodities; Transnational Institute: Amsterdam, The Netherlands, 2014. [Google Scholar]

	



Mekonnen, M.M.; Hoekstra, A.Y. National Water Footprint Accounts: The Green, Blue and Gray Water Footprint of Production and Consumption; Value of Water Research Report Series No. 50; UNESCO-IHE: Delft, The Netherlands, 2011; Volume 2. [Google Scholar]

	



Food and Agriculture Organization of the United Nations (FAO). Bioenergy and Food Security. The BEFS Analytical Framework; FAO: Rome, Italy, 2010. [Google Scholar]

	



Olanya, D.R. From Global Land Grabbing for Biofuels to Acquisitions of African Water for Commercial Agriculture; Current African Issues 50; Nordiska Afrikainstitutet: Uppsala, Sweden, 2012. [Google Scholar]

	



Gerbens-Leenes, W.; Hoekstra, A.Y. The water footprint of biofuel-based transport. Energy Environ. Sci. 2011, 4, 2658–2668. [Google Scholar] [CrossRef]

	



Hoekstra, A.Y.; Hung, P.Q. Virtual Water Trade: A Quantification of Virtual Water Flows between Nations in Relation to International Crop Trade; Value of Water Research Report Series No. 11; UNESCO-IHE Institute for Water Education: Delft, The Netherlands, 2002. [Google Scholar]

	



Mekonnen, M.M.; Hoekstra, A.Y. National Water Footprint Accounts: The Green, Blue and Gray Water Footprint of Production and Consumption; Value of Water Research Report Series No. 50; UNESCO-IHE: Delft, The Netherlands, 2011; Volume 1. [Google Scholar]

	



Chapagain, A.K.; Hoekstra, A.Y. Water Footprints of Nations Volume 1: Main Report; Value of Water Research Report Series No. 16; UNESCO-IHE: Delft, The Netherlands, 2004. [Google Scholar]

	



Allan, J.A. Virtual water: A long-term solution for water short Middle Eastern economies? In Proceedings of the 1997 British Association Festival of Science, University of Leeds, Leeds, UK, 9 September 1997.

	



Allan, J.A. Policy responses to the closure of water resources: Regional and global issues. In Water Policy: Allocation and Management in Practice; Howsam, P., Ed.; Taylor and Francis: London, UK, 1996; pp. 3–12. [Google Scholar]

	



Hanasaki, N.; Inuzuka, T.; Kanae, S.; Oki, T. An estimation of global virtual water flow and sources of water withdrawal for major crops and livestock products using a global hydrological model. J. Hydrol. 2010, 384, 232–244. [Google Scholar] [CrossRef]

	



Hoekstra, A.Y.; Mekonnen, M.M. The water footprint of humanity. Proc. Natl. Acad. Sci. USA 2012, 109, 3232–3237. [Google Scholar] [CrossRef] [PubMed]

	



Cosgrove, W.; Rijsberman, F. World Water Vision, Making Water Everybody’s Business; Earthscan Publications Ltd.: London, UK, 2000. [Google Scholar]

	



Smith, L.; Obeid, A.; Jensen, H. The geography and causes of food insecurity in developing countries. Agric. Econ. 2000, 22, 199–215. [Google Scholar] [CrossRef]

	



Yang, H.; Zehnder, A.J.B. Water Scarcity and Food Import: A case study for Southern Mediterranean countries. World Dev. 2002, 30, 1413–1430. [Google Scholar] [CrossRef]

	



Food and Agriculture Organization of the United Nations (FAO). Rome Declaration on World Food Security and World Food Summit Planning of Action. Proceedings of the World Food Summit, Rome, Italy, 13–17 November 1996; Available online: http://www.fao.org/docrep/003/w3613e/w3613e00.HTM (accessed on 10 September 2014).

	



Qadir, M.; Boers, Th.M.; Schubert, S.; Ghafoor, A.; Murtaza, G. Agricultural water management in water-starved countries: Challenges and opportunities. Agric. Water Manag. 2003, 62, 165–185. [Google Scholar] [CrossRef]

	



Sinclair, T.R.; Tanner, C.B.; Bennett, J.M. Water-use efficiency in crop production. BioScience 1983, 34, 36–40. [Google Scholar] [CrossRef]

	



Playán, E.; Mateos, L. Modernization and optimization of irrigation systems to increase water productivity. Agric. Water Manag. 2006, 80, 100–116. [Google Scholar] [CrossRef][Green Version]

	



Burt, C.M.; Clemmens, A.J.; Strelkot, T.S.; Solomon, K.H.; Bliesner, R.D.; Hardy, L.A.; Howell, T.A.; Eisenhauer, D.E. Irrigation performance measures: Efficiency and uniformity. J. Irrig. Drain. Eng. 1997, 123, 423–422. [Google Scholar] [CrossRef]

	



Chimonides, S.J. Irrigation management under water shortage conditions. In Water Resources Management under Drought or Water Shortage Conditions; Tsiourtis, N.X., Ed.; Balkema: Rotterdam, The Netherlands, 1995; pp. 73–78. [Google Scholar]

	



European Environment Agency (EEA). Water Resources across Europe Confronting Water Scarcity and Drought; Report No. 2/2009; EEA: Copenhagen, Danmark, 2009. [Google Scholar]

	



Holzapfel, E.A.; Pannunzio, A.; Lorite, I.; Silva de Oliveira, A.S.; Farkas, I. Design and management of irrigation systems. Review. Chil. J. Agric. Res. 2009, 69, 17–25. [Google Scholar]

	



Döll, P. Impact of climate change and variability on irrigation requirements: A global perspective. Clim. Chang. 2002, 54, 269–293. [Google Scholar] [CrossRef]

	



Lovelli, S.; Perniola, M.; Scalcione, E.; Troccoli, A.; Ziska, L.H. Future climate change in the Mediterranean area: Implications for water use and weed management. IJA 2012, 7, 44–49. [Google Scholar]

	



Maracchi, G.; Sirotenko, O.; Bindi, M. Impacts of present and future climate variability on agriculture and forestry in the temperate regions: Europe. Clim. Chang. 2005, 70, 117–135. [Google Scholar] [CrossRef]

	



Tubiello, F.N.; Donatelli, M.; Rosenzweig, C.; Stockle, C.O. Effects of climate change and elevated CO2 on cropping systems: Model predictions at two Italian locations. Eur. J. Agron. 2000, 13, 179–189. [Google Scholar] [CrossRef]

	



Kucharik, C.J. Contribution of planting date trends to increase maize yields in the central United States. Agron. J. 2008, 100, 328–336. [Google Scholar] [CrossRef]





© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/4.0/).







media/file4.png
B Mors th ; ] [ More th : ]

[l More than 759 i i B More than 759 i irrigated

Global total:
7,130 cubic kllometers
(80% from green water,
20% from blue water)






nav.xhtml


  water-07-00975


  
    		
      water-07-00975
    


  




  





media/file11.png
—~

-

./"4-

e

Net virtual water imporiff %
[billion m®/y] ‘
B o5--75 .
B -75--35 |
B 35--15
B -15--5
[ 1s-0
. Jo-5
B s- 10
B 0-15
B 5- 50
B s0- 115
\—\ No data






media/file1.png
IRWR per capita
(cubic meters)

E no data

I <500

[ 500 - 1000

[ 11000 - 1500

[ 11500 - 2000

[ ]2000 - 2500

2500 - 3000

I 3000 - 5000

I 5000 - 7000

I 7000 - 10000

I 10000 - 20000
B 20000 - 30000 | '
Bl > 30000 . -~

= = —






media/file2.png





media/file7.png
] Little or no water scarcity

[] Physical water scarcity

] Approaching physical water scarcity

B Economic water scarcity

[ ] Not estimated






media/file9.png
(¢w 4;0T) uondnpo.d pooy 10} J133EM BN|( PpUE UIID

N O N O ;n O wn O
= = o o o & A —A w O
| | | | | | | | | |
o | ©
= gl
2| ® 8 |0
© = Y- ...m
W c m “
@ Q [Tt o}
3 et |
_— Q{ —
25 & |2
T 8|32 |T
2| «a e |3
0 .m ® e_
| 8 9o |3
o9 o |o ]
0D 0O |« o_
<
O
<]
<
<
- %
< OD@
e,
< O_ @oov.
2
.-\A\
%
< o~ o () w0 < ~ o 78
- - -

(¢w »;0T) 123eM U343 pue an|q paqqeto





media/file10.png
Net virtual water impor
[billion mly]
- s






media/file5.png
[ ] More than half of production from rainfed areas [ ] More than half of production from irrigated areas

Il More than 75% of production from rainfed areas [l More than 75% of production from irrigated areas

Global total:
7,130 cubic kilometers
(80% from green water,
20% from blue water)






media/file3.png





media/file0.png
IRWR | per capna
(cubic rs)
[ no data

I > 30000






media/file8.png
Grabbed blue and green water (10:°m?)

A [] [DGrabbed blue water s

a0
O Grabbed green water
10 35
a 4 Green water for food
R 30
o © Blue water for food 25
6 & 20

a 10

. _=BQEIQQ DA@QEDEDBBE =1 N

& © & 9 L E
“,o f e f ‘\\c & &,«\ &' y’ @“ eﬁé\\. é" \@ \‘9 é’ Qo R O@éﬁ
@ o

«"ff e

&






media/file6.png
arcity
| Physical water scarcity B Economic water scarcity

[ Not estimated

l':‘
s < ©






