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Abstract:

 We quantify the potential impacts of global food production on freshwater availability (water scarcity footprint; WSF) by applying the water unavailability factor (fwua) as a characterization factor and a global water resource model based on life cycle impact assessment (LCIA). Each water source, including rainfall, surface water, and groundwater, has a distinct fwua that is estimated based on the renewability rate of each geographical water cycle. The aggregated consumptive water use level for food production (water footprint inventory; WI) was found to be 4344 km3/year, and the calculated global total WSF was 18,031 km3 H2Oeq/year, when considering the difference in water sources. According to the fwua concept, which is based on the land area required to obtain a unit volume of water from each source, the calculated annual impact can also be represented as 98.5 × 106 km2. This value implies that current agricultural activities requires a land area that is over six times larger than global total cropland. We also present the net import of the WI and WSF, highlighting the importance of quantitative assessments for utilizing global water resources to achieve sustainable water use globally.
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1. Introduction


Water is a vital resource for human health, personal livelihoods, and quality of life. As recent water demand, especially in the agricultural sector, faces numerous challenges related to freshwater availability [1,2,3], quantifying the impacts of agricultural water use on freshwater availability is critical to improving sustainable water management. In regards to freshwater sustainability, the terrestrial renewable fresh water supply (RFWSland) component has been proposed in the literature, and the human appropriation of accessible RFWSland has been estimated at 30% [4]. The planetary boundary concept states that limitations on global freshwater use range between 1100 and 4500 km3/year [5,6]. These methods are based on the simple aggregated values of freshwater resources and their use; however, renewable freshwater resources exhibit spatiotemporal variability [7,8], implying that the potential environmental impacts of water use on freshwater availability also exhibit spatiotemporal variability. This finding shows that freshwater sustainability should be assessed in consideration of geographical distributions.



On the other hand, numerous studies have been conducted on the virtual flow of water through the international trade of food and other commodities. The virtual water concept has been developed to explain the virtual use of water through trading [9], and is has been adopted to estimate water dependency levels in countries using net virtual water imports [10]. Since the concept’s establishment, water savings through international trade have been estimated globally [11,12,13]. Recently, global virtual water transfer has been associated with the trade of agricultural and industrial products [14,15]. Virtual water flow volumes can be used to estimate the global balance between water supply and demand and the volume of water that is compensated through international trade. However, the virtual flow of water should also be assessed in consideration of the geographical distribution of water resources for the sustainable trade of virtual water.



Some key technical terms and an influential proposal on water footprint assessment (WFA) and life cycle assessment (LCA) related to water have been introduced [16,17]. The International Organization for Standardization (ISO) defines the “water footprint” as a metric that quantifies potential impacts related to water. According to the ISO 14046, a summation of water use is referred to as a “water footprint inventory (WI)” [18]. Several methods have been proposed to estimate the potential environmental impacts of changes in water quantities. The groundwater footprint (GF) has been presented as an estimate based on the potential impacts of groundwater use in major groundwater basins, which is represented by the area needed to sustain groundwater use and groundwater-dependent ecosystem services [19]. The water stress index (WSI) is derived from the ratio of water withdrawals to freshwater availability and from a variation factor weighted by the spatial precipitation distribution [20]. While these methods consider geographical distributions of water resources, different water sources are not addressed (i.e., only groundwater use for the GF and the aggregation of surface water and groundwater for the WSI). As each water source is uniquely renewable and available, the potential impacts of water use also vary by water source. The water unavailability factor (fwua) has been proposed as a means of characterizing water consumption based on its potential impacts, reflecting differences in water renewability levels according to place and water source [21]. Yano et al. [21] also conducted a case study to describe global food trade patterns via LCIA. However, the study was not based on the latest statistics or on multiple forcing datasets, and it did not involve a detailed discussion of country-based assessments of food production. In this study, we quantify the potential impacts of global food production on freshwater availability based on a detailed grid and country based evaluation. We assess the impact of international food trade from a LCIA perspective on sustainable water consumption, and we use the fwua concept, new trade statistics, and several forcing datasets to improve the robustness of the results.




2. Materials and Methods


2.1. Calculation of the Water Footprint Inventory


In this study, the WI of food production is defined as the total evapotranspiration from croplands during the cropping period of each agricultural product. Water use for fertilizers, pesticides, and machine production is not considered. To estimate the WI for agricultural and livestock production, the H08 model, a global water resources model, was used [22]. As this model addresses the effects of human activities (e.g., reservoir operation and cropland irrigation), while considering different types of water sources, the geographical distributions of water resources and differences between water sources can be counted for in the calculation of WI. Water and heat balance calculations made at a daily interval reflect the temporal aspect if the renewability rate of water resources and water usage from each source. Meteorological forcing data, including air temperature, surface pressure, rainfall rate, snow fall rate, wind speed, radiation, and specific humidity level, are adopted as climatic input data at daily intervals. River basins are expressed based on the elevation and flow direction. Cropland and irrigated area are considered based on the global dataset [23,24]. The WI values of 58 major trade commodities in consideration of different water sources (i.e., precipitation, stream flow, medium-sized reservoirs, and non-renewable and non-local blue water (NNBW)) are calculated at a resolution of 0.5° × 0.5°. NNBW is defined as a conceptual water source, and the WI of NNBW is defined as a component of water withdrawal that cannot be explained within the system boundaries. NNBW can be described as components of deep groundwater, lakes, glaciers, water diversions, and desalinated water that are not modelled in the H08 [12]. The NNBW value is known to be comparable to withdrawals reported for several aquifers in arid regions in the United States [12]. In this study, irrigated water from stream flows and medium-sized reservoirs are defined as the WI for surface water, and the irrigated NNBW value is defined as WI for groundwater.



WI flows were estimated for 58 major trade commodities derived from five major crops (i.e., barley, maize, rice, soy, and wheat) and three livestock products (i.e., beef, chicken, and pork) using FAOSTAT trade matrix data [25] (Table S1). The simulation settings used to calculate WI and WI flows were identical to those used in a previous study [10], although the meteorological forcing data and calculation period used differed. WATCH forcing data (WFD) [26], the third Global Soil Wetness Project (GSWP3) dataset [27], and Princeton’s Global Meteorological Forcing Dataset (PFD) [28] were used as input data for calculating the average WI for croplands between 1991 and 2000. As the WFD covers the period running to 2000, the GSWP3 and PFD were used to calculate the WI for between 2001 and 2008. The average WI for each agricultural product between 1991 and 2000 was used to determine WI flows between 22 regions.




2.2. Water Scarcity Footprint Assessment


The calculated WI was converted into a WSF by multiplying the value by a characterization factor. As the fwua was developed to characterize the WI in consideration of different water sources, we used the fwua as the characterization factor for this study [21]. The fwua was devised by Yano et al. [21]. For the readers’ convenience, the factor is described in brief below. See Yano et al. [21] for a detailed account and for the full formulation. The WSF of food production was determined as follows:
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where x denotes the water source (including precipitation, surface water, and groundwater); fwua is based on the land area required to obtain the reference volume of water from each water source; Ax,l is the required land area per unit of time to obtain the reference volume for water from water source x at location l; and Aref is the required land area per unit of time to obtain the reference volume of water from the reference condition [21]. In this study, the reference volume is defined as 1 m3 of rainfall per year over an area of 1.0 m2 (e.g., 1000 mm/year) based on the global mean annual precipitation level. The calculated WSF has global mean precipitation equivalent units (e.g., m3 H2Oeq). The fwua value for precipitation was calculated from the average annual precipitation for each domain using WFD, GSWP3, and PFD. The fwua values for surface water and groundwater were calculated from the average total runoff and sub-surface runoff levels of each domain using WFD, GSWP3, and PFD according to H08. All factors have a spatial resolution of 0.5° × 0.5°. The calculation period was identical to that used to determine the WI. The fwua values adopted herein do not account for the effects of water inputs from upstream regions, thus allowing the WSF to be assessed based on local water consumption levels. To prevent extremely high fwua values from increasing the total WSF, upper limits were defined at the 99th percentiles of each fwua. The upper fwua values for rainfed cropland precipitation, irrigated cropland precipitation, surface water, and groundwater were 5.0, 5.0, 100, and 200, respectively, for the study period.





3. Results


3.1. Water Footprint Inventory and the Water Scarcity Footprint of Global Food Production


The global total WI related to global agricultural activities is shown in Figure 1 and in Tables S2 to S3. The total globally averaged WI reached 4344 km3/year between 1991 and 2000, and 4592 km3/year between 2001 and 2008. According to the t-test results that assume that two average values are equal in a null hypothesis, the p- value of the average values for the two periods was 0.6; therefore, differences between the WI results are not statistically significant. According to the individual water sources, the WI of precipitation in rainfed croplands accounted for more than 50 % of the total WI. India, China, the United States, Pakistan, and Indonesia generated the highest WI values during this period, i.e., 790, 571, 484, 252, and 244 km3/year, respectively. These five countries accounted for approximately 50% of the total global WI.


Figure 1. Global distribution of the annual water footprint inventory related to food production between 2001 and 2008 (km3/year).
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The global total WSF related to agricultural activities reached 18,031 km3 H2Oeq/year between 1991 and 2000, and 21,673 km3 H2Oeq/year between 2001 and 2008 (Tables S4 and S5). The WSF results for all water sources were greater than the WI values for these periods. Between 1991 and 2000, the WSFs for rainfed cropland precipitation, irrigated cropland precipitation, surface water, and groundwater were 1.2, 1.2, 7.7, and 21.2 times greater than the WI values, respectively. Although the WI for groundwater constituted only 8.5 % of the total WI, the WSF for groundwater accounted for 43.4 % of the total WSF. The highest WSF value was registered at 24.25° N, 33.25° E in Egypt. The WSF for groundwater reached 42.6 km3 H2Oeq/year, accounting for 95% of the total WSF of this domain. The fwua value for groundwater in this domain reached 171. This grid belongs to the Nubian Sandstone aquifer, which was reported as a non-renewable aquifer system [29]. Central America, India, Pakistan, Northern China, and Southeastern Australia registered high WSFs. Figure 2 shows the annual WSF and the WSF/WI ratio for each country between 1991 and 2000; the image was visually enhanced using a cartogram [30]. The area of each country is proportionate to the WSF map, and boundary lines have been maintained. Countries dependent on minimal renewable water resources are represented as large countries in this figure. China, India, Pakistan, the United States, and Egypt registered the highest WSFs, i.e., 3415, 2061, 2408, 922, and 892 km3 H2Oeq/year, respectively. Saudi Arabia, Libya, Yemen, and Egypt registered the highest WSF/WI ratios, i.e., 44.5, 38.2, 25.8, and 25.2, respectively. The Middle East and North African (MENA) countries tended to generate high WSF/WI ratios. Outside of the MENA region, Suriname and Chile registered WSF/WI ratios exceeding a value of 10. By contrast, Southeast Asia, Japan, Central Africa, and Brazil registered small areas with WSF/WI ratios of less than 1.0. The ratio of the WI for groundwater to the total WI for Brazil was founded to be less than 0.1%, whereas a value of 34.5% was found for Egypt.


Figure 2. The water scarcity footprint for each country (area size) and the ratio of the water scarcity footprint to the water footprint inventory (colour coded).
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The WSF results divided based on cropland areas within each country and basin (mm H2Oeq/year) are shown in Figures S3 and S4. While the country-based results can be easily applied for assessment purposes using country-based statistical data, the basin-based results do not require one to consider the effects of water inputs from upstream areas of international river basins. The total WSF value for the United States reached 507 mm H2Oeq/year (including 553 mm H2Oeq/year for the Mississippi River, the largest basin in the country). The WSF of the Colorado River reached 4261 mm H2Oeq/year, exceeding the national average value. As the cropland area of the river basin accounted for only 1.1% of the total cropland area for the US, Colorado River basin had a minor effect. For the countries with large cropland areas, the WSF values of local basins were more suited to sustainability assessments of local water issues.




3.2. Water Scarcity Footprint Flows Based on Food Trade


WSF flows from 2010 that were divided by country were aggregated into 22 regions based on a previous study [18]. Figure 3 shows (a) net exports of the WSF for all water sources and (b) irrigated groundwater alone. The “total” value represents the total net flows between the 22 regions, and “other” signifies the total flows below threshold values, i.e., 10 km3 H2Oeq/year for all water sources and 0.5 km3 H2O/year for irrigated groundwater. The numbers shown in parentheses are the standard deviations of the calculated values between the three meteorological forcing datasets. Global total net flows of WI between the 22 regions were calculated at 524.8 km3/year. Previous studies have estimated global gross flows of WI related to crop trades as 695 km3/year for 1995–1999 and global net exports as 355 to 545 km3/year for 2000 [12,21,31]. Although there is not full agreement between the simulation settings (the period, net and gross values, countries, and crops examined in this study), it appears that WI flows were adequately estimated. The WSF flows tended to generate larger arrows than the WI for both types of water sources. The total WSF flows were 1.8 times greater than the total WI flows. WSF water source, precipitation, surface water, and groundwater values were 1.1, 8.2, and 13.8 times greater than the WI values, respectively. In regard to each region, WSF flows for Northern Africa, Eastern Asia, Southern Asia, Western Asia, North America, and Oceania were 15.5, 15.6, 4.9, 11.7, 1.8, and 3.4 times greater than the WI values, respectively. In comparison, WSF flows for the Caribbean, South America, and Northern Europe were 0.6, 0.9, and 0.8 times greater than the WI values, respectively, and in these regions, food production levels were dependent on the presence of abundant water resources. North America, South America, Oceania, and Southern Asia were characterized by net exports of 345.4, 187.8, 118.6, and 109.1 km3 H2Oeq/year, respectively, in 2010. Relative to previous case study results on WSF flows in 2000 [22], the imported value of the WSF for Eastern Asia has been increasing. The imported WSF from North America grew from 88.5 km3 H2Oeq/year in 2000 to 115.4 km3 H2Oeq/year in 2010 and that from South America increased from 12.6 km3 H2Oeq/year in 2000 to 56.8 km3 H2Oeq/year in 2010. This fact is mainly attributed to the growth of the Chinese economy. According to the FAO, the net importing value of crops and livestock products of China increased from 6.5 billion USD in 2000 to 55.4 billion USD in 2010.


Figure 3. Water scarcity footprint flows due to international food trade between 22 regions for (a) all water sources (exceeding 10 km3 H2Oeq/year) and (b) groundwater (exceeding 0.5 km3 H2Oeq/year).
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The WSF/WI ratios for groundwater for North Africa, North America, South America, Eastern Asia, and Southern Asia were recorded as 18.5, 9.1, 27.7, 14.5, and 14.0, respectively. The largest flows of the WSF from groundwater were reached 46.4 km3 H2O/year for North America, 43.8 km3 H2Oeq/year for southern Asia, 21.3 km3 H2Oeq/year for Oceania, and 14.5 km3 H2Oeq/year for Western Asia. South America, which generated the second largest WSF flow for all water sources, registered a net WSF export level of only 5.3 km3 H2Oeq/year for groundwater. This implies South America did not export food produced from scarce water resources, although large quantities of food produced from water sources with lower potential impacts were exported during the study period.





4. Discussion


The estimated global total WSF presents valuable information for understanding the sustainability of existing agricultural systems. As the fwua value is based on the land area required to obtain the reference volume of water, the WSF/WI ratio contains information on the required land area to maintain current agricultural conditions in terms of water availability. The WSF/WI ratio can also be described as a characterization factor weighted by the volume of water use. The WSF/WI ratios for rainfed cropland precipitation, irrigated cropland precipitation, irrigated cropland surface water, and irrigated cropland groundwater were calculated as 1.2, 1.2, 7.7, and 21.2, respectively. Rainfed and irrigated cropland areas covered 12.4 × 106 km2 and 2.8 × 106 km2 [23,24], respectively. The 18,031 km3 H2Oeq/year value calculated for the WSF can also be referred to as 98.5 × 106 km2 of the required land area by multiplying each cropland area by the corresponding WSF/WI ratio. This value was 6.6 times greater than the 14.9 × 106 km2 value calculated for the total cropland area [23] and was 6.4 times greater than the 15.4 × 106 km2 value calculated for the total arable and permanent cropland area of 2010 [32].



Figure 4 shows the net WI and WSF import levels due to international food trade (exports are negative), the gross domestic product (GDP) per capita [33], and the ratio of irrigated croplands to cumulative croplands for each region. Melanesia, Micronesia, and Polynesia were excluded from the analysis, as these regions generated low proportions. As noted above, South America’s WSF value is smaller than its WI, implying that the region produced food using abundant water resources. In comparison, Oceania and North America generated larger WSFs relative to their WI values. Southern Asia was a net importing region in terms of its WI; however, it was a net exporting region in terms of its WSF. In other words, Southern Asia exports foods produced from scarcer water resources than the water resources used to produce imported foods. GDP per capita values serve as a justification for why Oceania and North America exported foods using scarce water resources. For example, a high GDP creates technological capacities to develop new water resources, to maintain high water-use efficiency levels, and to secure low water use costs due to the presence of competitive industry structures. However, Southern Asia exported food produced from scarce water resources due to the country’s high ratio of irrigated cropland. Southern Asia’s irrigated ratio reached 37%, exceeding values of 10% and 13% for Oceania and North America, respectively. This high ratio resulted in higher water-use efficiency levels, implying that the aggressive use of scarce water resources occurred in Southern Asia.


Figure 4. (a) The net import of the water footprint inventory and water scarcity footprint and (b) the GDP per capita for 2010 and the ratio of irrigated cropland to total cropland by region.
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Figure 5 shows the renewable water resources [32] and WI per capita for each region. Although South America and Central Africa prevented abundant water resources per capita, the ratio of water utilization remained low. The sustainable use of water at a global scale requires the utilization of abundant water resources with lower potential impacts (especially in these regions) in consideration of supply, demand, and sustainable water use. This quantitative assessment of WI and WSF can contribute to strategies on how to utilize global water resources to achieve global sustainability. Domestic water resources may not be utilized adequately for the following reasons:

	
Irrigated croplands are limited due to low GDP levels (e.g., South America and Central Africa), resulting in limited water resource utilization;



	
Industrial structures have not been developed due to low GDP levels, which has led to minimal competitive and small-scale agricultural practices and low levels of water resource utilizations;



	
Water resource development is difficult to achieve due to low GDP and low technological capacity levels, resulting in low water resource utilization;



	
High costs of infrastructure use imply high costs for water use, resulting in low water resource utilization; and



	
Climatic conditions are not conductive to intensive agriculture (e.g., Northern Europe [34]), causing individuals to not utilize domestic water resources adequately.







Figure 5. Renewable water resources and water footprint inventory per capita by region.
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All of these phenomena are influenced by both social and natural factors. However, resolving uneven GDP distributions could effectively promote global water-use efficiency.



In regards to hydrological modelling, the state of current practices has been reviewed and the scientific and data-related challenges have been considered with a focus on human-water activities manifested through water resource management [35,36]. The H08 is used as one of the latest large-scale hydrological models to show how international trade helps control regional water demand. The results of our calculations include uncertainties due to modelling assumptions. In considering the uncertainties in meteorological forcing data, this study adopts an average result value using three meteorological forcing datasets. To evaluate uncertainties in groundwater withdrawal levels, we used the NNBW measure that has been validated as comparable to groundwater withdrawal levels reported for several arid aquifers. Although these results include uncertainties, this study presents new information and insights on water footprint and international food trade patterns from an LCA point of view. It is valuable to quantitatively assess the potential impacts of water use and virtual flows related to international food trade at a global scale in consideration of different water sources.




5. Conclusions


Potential impacts on global food production freshwater availability (WSF) and flows of WSF related to international food trade were estimated using the fwua, which reflects the difference in water renewability rates by source. The global WSF of food production reached 18,031 km3 H2Oeq/year and was also described as 98.5 × 106 km2 of the required land area, which is equivalent to 4.2 times the value of the summation of the WI. Although groundwater constituted only 8.5% of the total WI, it accounted for 43.4% of the total WSF. China, India, Pakistan, the United States, and Egypt exhibited the highest WSFs, showing dependence on minimal renewable water resources. WSF flows via food trade are 1.8 times greater than the total WI flows. In total, 925.6 km3 H2Oeq of WSF are traded each year. The WSF imported by Eastern Asia is growing mainly because of the rapid growth of the Chinese economy. Southern Asia is a net WI importing region, however, it is also a net WSF exporting region, which implies its dependence on scarcer water resources for food production rather than on water used to produce imported foods. Sustainable water use requires the utilization of abundant water resources at a global scale, and uneven GDP distributions can be resolved to effectively promote global water-use efficiency. The assessment of WSF showed a new insight that net WI importing regions can be net WSF exporting regions considering the difference in water sources. The results illustrate the importance of quantitative assessments of WI and WSF for utilizing global water resources to achieve global sustainability with lower potential impacts.
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