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Abstract

:

Beijing is one of the most water-stressed regions in the world. Reducing agricultural water use has long been the basis of local policy for sustainable water use. In this article, the potential to reduce the life cycle (cradle to gate) water footprints of wheat and maize that contribute to 94% of the local cereal production was assessed. Following ISO 14046, consumptive and degradative water use for the wheat-maize rotation system was modeled under different irrigation and nitrogen (N) application options. Reducing irrigation water volume by 33.3% compared to current practice did not cause a significant yield decline, but the water scarcity footprint and water eutrophication footprint were decreased by 27.5% and 23.9%, respectively. Similarly, reducing the N application rate by 33.3% from current practice did not cause a significant yield decline, but led to a 52.3% reduction in water eutrophication footprint while maintaining a similar water scarcity footprint. These results demonstrate that improving water and fertilizer management has great potential for reducing the crop water footprints at the farm scale. This situation in Beijing is likely to be representative of the challenge facing many of the water-stressed regions in China, where a sustainable means of agricultural production must be found.
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1. Introduction


In many parts of the world, excessive water consumption and pollution are depleting and degrading freshwater resources [1]. The pressure humanity exerts on freshwater systems needs to be immediately reduced [2]. Agriculture contributes around 92% of humanity’s total water consumption and pollution, and about 89% of this is linked to crop production [3]. Thus, from the perspective of the production of goods and services, the solution depends overwhelmingly on optimizing the crop production patterns.



In recent years, the water footprint metric has been employed as a priority tool to make transparent the impacts of humanity’s consumption and production on global freshwater resources. In the earliest stages of water footprint research, product water footprints were typically defined as the summation of direct and indirect water use from the various stages of production (Water Footprint Network (WFN) [4]). A number of water footprint assessments were based on this definition [3,5,6]. However, more recently, it has been recognized that there is not one single water footprint method, but various approaches. Except the water footprint method proposed by the WFN, which uses the term in the context of water volumes used, a variety of methods have been developed in the context of life cycle assessment (LCA), which is the analytical technique used to quantify the various environmental interventions caused by products from cradle to grave [7,8,9,10]. Several earlier studies based on LCA have demonstrated that these impact-oriented approaches are more meaningful to reflect the environmental impacts of water use than the volumetric water footprint indicators. This is because there are different types of water use and different local water scarcity contexts. As such, to provide an internationally-consistent method, the International Organization for Standardization (ISO) has published the LCA-based ISO 14046 water footprinting standard [11].



Many LCA-based water footprint case studies have been carried out on crops and crop-derived products, such as wheat [12], tomato [13], tea [14], mango [15] and cotton textile [16]. However, most previous water footprint assessments of crops grown at the farm scale only provide information about the related environmental impacts of consumptive water use and degradative water use, but seldom report the irrigation or fertilization management, which often have potential for improvement. Therefore, the water footprint indicator should be accompanied by related mitigation options to achieve both sustainable water use and food production goals.



Beijing is one of the most water-scarce regions in the world. The average water resources per capita have fallen to 138 m3 in the latest five years, which is far below the internationally-recognized lowest limit of 1000 m3 [17]. With rapid population growth and accelerating urbanization, the quantity and quality of available water resources in the Beijing region have become matters of broad concern. Reducing agricultural water use has been long used as a policy measure to save water resources. In response to this policy, the overall cropped land area has progressively decreased over the past 20 years [18]. However, for the interests of food security and to stimulate cropping systems with higher ecosystem services provision, current policies aim to conserve agricultural land [19]. In this context, to further explore the potential of water-saving from agricultural production, realistic measures should depend on cropping pattern adjustment together with improvements to farming practices. Our previous study has identified that cropping pattern changes in peri-urban regions and rural communities surrounding the Beijing metropolitan area can have a substantial impact on water resources [18]. Cropping cereals rather than intensive vegetables in greenhouses could reduce local blue water consumption by 7216 m3·ha−1·year−1 and N pollution by 45 kg·ha−1·year−1 [19]. These results conclusively indicated that cropping pattern adjustment offers the potential to relieve pressure on local water resources. The major cereal cropping rotation of wheat-maize has been recommended to alleviate local water stress [19]. To further reduce the impact of cereal production on water resources in the Beijing region, improvements on traditional farming practices are also needed. However, current farm management of irrigation and fertilization for the wheat-maize rotation system typically involves excessive application of these inputs, not only giving rise to the waste of water resources, but also exerting chemical pollution on local water bodies [20,21]. Improving water and fertilizer management for crops can greatly reduce the irrigation water consumption and water pollution [22]. Beijing needs to apply such measures to optimize cereal production, further exploring the potential for water stress alleviation by agriculture.



The objective of this study was to assess the potential of optimizing irrigation and fertilization management for water footprint reduction of the wheat-maize rotation system. Field experiments were conducted to assess the yields of crops under different water and N management. A water footprint approach, based on the ISO 14046 water footprinting standard, was then applied to assess the impact of crop production on water availability and water degradation, which were reported as the water scarcity footprint and the water eutrophication footprint, respectively. Our purpose is to contribute science-based evidence that will enable local policy makers in Beijing to implement strategies for reducing the impact of crop production on local water resources. The wider dissemination of results is also intended to increase the understanding of alleviating water stress from crop production in other regions of China, where a sustainable means of food production must be found.




2. Materials and Methods


2.1. Field Experiments


A rotation of wheat and maize is the traditional cereal cropping pattern in the Beijing region. Currently, the total area of these two crops is about 1.5 × 105 ha, accounting for 94% of the total cropping area of cereals [17]. During the years 2006–2009, field experiments were conducted to assess the water and fertilizer utilization efficiency of the wheat-maize cropping system in Tongzhou district (39°57′ N, 116°40′ E; 18.8 m above sea level), one of the main crop production areas in Beijing. The climate of Tongzhou is a continental monsoon climate. The mean total rainfall is 593 mm, which is mainly distributed from April–September. The texture of soil has been characterized as sandy loamy topsoil resting on loamy subsoil [21,23].



Irrigation experiments were conducted during 2006–2008, and in 2008–2009, fertilization experiments were added (Table 1). The local farmers’ irrigation volume (FI) was set as the baseline against which reduced irrigation water use levels (I-1, I-2, I-3 and I-4) were evaluated (Table 2). The farmers’ current irrigation practice is applying 50 mm of water each at the crop growing stage of overwintering, seedling establishment, jointing and grain filing for wheat and to each crop growing stage of jointing and booting for maize. I-1 was the option for reducing irrigation at the filling stage for wheat and at the jointing stage for maize. I-2 was the option of reducing irrigation at seedling establishment and the filling stage for wheat and at the jointing stage for maize. I-3 was the option for reducing irrigation at overwintering, seedling establishment and the filling stage for wheat and at the jointing stage for maize. I-4 was zero irrigation. Similarly, for fertilization experiments, the local farmers’ N practice (FN) was set as the baseline against which reduced fertilizer application levels (N-1, N-2 and N-3) were tested (Table 3). Farmers’ current N application practice is applying 112.5 kg·ha−1 of N each before seeding and at the jointing stage for wheat and before seeding and at the booting stage for maize. N-1 and N-2 were the options for reducing N application by 33.3% and 66.7% for each fertilization stage compared to farmers’ practice. N-3 was zero N application. For both irrigation and fertilization experiments, other local common agronomic practices were applied for seeding date and depth, planting density, pest and weed control. For each crop growing season, crop yield and the physical quantity of farm inputs (fertilizer, fuel, electricity and pesticides) were collected and profiled.
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Table 1. Description of the wheat-maize rotation field experiments.







Table 1. Description of the wheat-maize rotation field experiments.







	
Year

	
Planting Date

	
Harvest Date

	
Study Variables






	
2006~2007

	
2 October 2006

	
15 June 2007

	
Different irrigation options were set to be compared to local farmers’ usual irrigation practice. Other aspects of farm management, such as fertilization, pest and weed control, followed the farmers’ usual practices.




	
24 June 2007

	
1 October 2007




	
2007~2008

	
10 October 2007

	
15 June 2008

	
Same as above




	
25 June 2008

	
26 September 2008




	
2008~2009

	
6 October 2008

	
8 June 2009

	
Different fertilization options were set to be compared to local farmers’ usual fertilization practice. Other aspects of farm management, such as irrigation, pest and weed control, followed the farmers’ usual practices.




	
13 June 2009

	
2 October 2009
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Table 2. Irrigation options for the wheat-maize rotation system (mm). FI, farmers’ irrigation volume; I-1, Irrigation Level 1.







Table 2. Irrigation options for the wheat-maize rotation system (mm). FI, farmers’ irrigation volume; I-1, Irrigation Level 1.







	
Crop

	
Irrigation Time

	
Irrigation Options




	
FI

	
I-1

	
I-2

	
I-3

	
I-4






	
Wheat

	
Overwintering

	
50

	
50

	
50

	
0

	
0




	
Seedling establishment

	
50

	
50

	
0

	
0

	
0




	
Jointing

	
50

	
50

	
50

	
50

	
0




	
Filling

	
50

	
0

	
0

	
0

	
0




	
Total

	
200

	
150

	
100

	
50

	
0




	
Maize

	
Jointing

	
50

	
0

	
0

	
0

	
0




	
Booting

	
50

	
50

	
50

	
50

	
0




	
Total

	
100

	
50

	
50

	
50

	
0
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Table 3. N fertilizer options for the wheat-maize rotation system (kg·ha−1). FN, farmers’ N practice; N-1, Nitrogen Level 1.







Table 3. N fertilizer options for the wheat-maize rotation system (kg·ha−1). FN, farmers’ N practice; N-1, Nitrogen Level 1.







	
Crop

	
N Application Options




	
FN

	
N-1

	
N-2

	
N-3






	
wheat

	
225

	
150

	
75

	
0




	
maize

	
225

	
150

	
75

	
0




	
Total

	
450

	
300

	
150

	
0










2.2. Calculation of Crop Water Footprint


The water footprint calculations were preformed following ISO 14046 as described below.



2.2.1. Goal and Scope Definition


The aim of this study was to assess the impact of alternative irrigation and fertilizer application options on the water scarcity and water eutrophication footprints of crops and to understand the potential of agricultural water footprint reduction at the farm level. The system boundary for water footprint assessment was the cultivation process of wheat and maize in the Beijing region, and the functional unit was defined as 1 kg wheat and 1 kg maize at the farm gate.




2.2.2. Water Footprint Inventory Analysis


Quantities of water used, including water extracted from surface and groundwater resources for irrigation and farm-input production, were classified into two types, i.e., direct water consumption and indirect water consumption.



The direct water consumption for crop production was determined by the crop water requirement (ETc[t]), accessible effective rainfall (Reff[t]) and effective irrigation (Ieff[t]). Crop water requirement (ETc[t]) and accessible effective rainfall (Reff[t]), which were computed using the Simulation of Evapotranspiration of Applied Water (SIMETAW) model, determine the irrigation requirement (Ir[t]) [23,24]. SIMETAW is a hydrological model that employs the classic Penman–Monteith equation to estimate reference evapotranspiration following the methodology recommended by FAO [25]. Climate data used for model simulation were obtained from the China Meteorological Data Sharing Service System (http://cdc.nmic.cn/home.do).


    I r  [ t ] =   E T  c  [ t ] −  R  e f f   [ t ]   



(1)







Direct water consumption in each growth stage, such as the overwintering stage and the jointing stage (DW[t]), equaled the minimum of the irrigation requirement (Ir[t]) and effective irrigation (Ieff[t]). Effective irrigation refers to the irrigation water stored in the soil for crop growth.


   D W  [ t ]  = min  (   I r   [ t ]  ,  I  e f f    [ t ]   )    



(2)







The direct water consumption throughout the crop growth period (DW) was the aggregation of direct water consumption during each of the crop growth stages (DW[t]), n (day).


   D W =   ∑   t = 1  n  D W  [ t ]    



(3)







The indirect water consumption associated with the production of farm inputs (such as fertilizer, pesticides, diesel, etc.) was determined using the Chinese Reference Life Cycle Database (http://www.ike-global.com) implemented in SimaPro Version 7.3.2. Water use associated with the production of capital goods, such as the construction of machinery, equipment and buildings, was excluded from the calculation. Both the direct and indirect water consumption throughout the life cycle formed the water use inventory.



Apart from the water consumption, water pollution was also considered in the inventory phase, since it related to the water eutrophication footprint indicator in the impact assessment stage. Agricultural non-point emissions to water are a major water pollution concern in the Beijing region. In this study, nitrate leaching was not measured through field experiments, but instead simulated using a denitrification-decomposition (DNDC) model. The DNDC model was initially developed for estimating C sequestration in and trace gas emissions from the U.S. agricultural soils [26]. Based on the widely-tested processes embedded in the model, nowadays, the DNDC has been modified and improved to serve N leaching simulations [27,28,29]. For the Chinese agricultural situation, model calibration and validation have previously been undertaken by Li et al. [29] and Huang et al. [23], where it has been shown that the model is able to reliably describe the grain yield of wheat-maize rotation, as well as the N leaching.




2.2.3. Water Footprint Impact Assessment


Impacts of the crop production process related to water can be represented by one or more parameters, which quantify the potential environmental impacts. In the absence of a complete inventory about agro-chemical emissions, water-related potential environmental impacts related to water degradation were not comprehensively assessed. The water footprint results were profiled using two impact category indicators: water scarcity footprint and water eutrophication footprint.



To quantify the water scarcity footprint, we employed the water stress index (WSI) of Pfister et al. [16] as the characterization factor at the mid-point level for the impact assessment phase. A number of publications have demonstrated the applicability of this WSI as the characterization factor in the life cycle impact assessment of water use [30,31]. The local WSI for Beijing is 1.000 (on a scale of 0–1), and the national average WSI (0.478) was used in relation to farm and industrial inputs where the location of production was uncertain. The water scarcity footprint of each crop was calculated by multiplying each location-specific volume of water consumption by the relevant WSI and then by dividing by the global average WSI (0.602). The results were reported in units of L H2O equivalent (H2Oe), where 1 L H2Oe represents 1 L of consumptive water use at the global average WSI. This reference unit is considered useful for communication purposes, enabling decision makers and stakeholders to quantitatively compare life cycle water scarcity footprints in relation to an equivalent volume of water use.



The water eutrophication footprint was determined to address water degradation from agricultural non-point source N pollution. Due to the increased input of nutrients, incidences of the excessive growth and accumulation of algae and higher aquatic plants have increased, representing an important environmental burden on surface water bodies. In this study, the water eutrophication footprint was assessed using the aquatic eutrophication potential method [32], multiplying the simulated quantity of N leaching by the relevant equivalency factor (0.42) with the result expressed in the reference unit PO43− equivalent (PO43−e).





2.3. Statistical Analysis


Data for the crop yield under different water and N application options were compared statistically by one-way analysis of variance (ANOVA) with least significant difference (LSD) tests at the 0.05 probability level in SPSS Statistics 17.0 (SPSS Inc., Chicago, IL, USA). Arithmetic means for three replicates were calculated for yield, and the data for each year were submitted to ANOVA separately. For the calculation of water footprint under different irrigation options, the two years of experimental data were averaged.





3. Results


3.1. Crop Yield under Different Irrigation and N Application Options


As a general trend, the yield of wheat increased as irrigation volume increased (Figure 1), indicating the necessity of supplementary irrigation for wheat cropping in the Beijing region. During 2006–2007, there were no significant differences (p > 0.05) observed for the yields between FI, I-1 and I-2 options, while during 2007–2008, there were no significant differences (p > 0.05) observed for the yields between FI and I-1 options. In contrast, the growth of maize can completely rely on natural rainfall. No significant differences (p > 0.05) in yields were detected among the irrigation options for maize. For the wheat-maize rotation system, irrigation at the overwintering, seedling establishment and jointing stage for wheat and irrigation at the booting stage for maize were the best irrigation schema (i.e., I-1) among all of the studied options, which can save 33.3% irrigation water use and not cause significant yield decline.
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Figure 1. The yield of wheat and maize under different irrigation options. 
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When the N application rate was set at the level of the farmers’ practice (225 kg·ha−1, FN), the yield of wheat reached 6750.0 kg·ha−1, the highest among different N options (Figure 2). However, the yield did not significantly decrease (p > 0.05) when the N application rate was reduced by 75 kg·ha−1(33.3%, N-1) or by 150 kg·ha−1 (66.7%, N-2). The yield variation of maize followed a similar trend to wheat. When the N application rate was set at 150 kg·ha−1 (N-1), the yield of maize reached 95.8% of the highest yield, with no significant difference (p > 0.05) compared to the current practice. However, when the N application rate was set at 75 kg·ha−1 (N-2), the yield of maize was significantly decreased (p < 0.05) by 890.3 kg·ha−1 (9.8%) compared to the yield under FN. For the wheat-maize rotation system, reducing the total N application rate by 150 kg·ha−1 (33.3%) (i.e., N-1 option) compared to current practice did not cause a significant decrease of yield.
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Figure 2. The yield of wheat and maize under different N options. 
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3.2. Water Scarcity Footprint and Water Eutrophication Footprint


The water scarcity footprint and water eutrophication footprint of wheat and maize under different irrigation options are shown in Table 4. As the irrigation level went up, both the water scarcity footprint and water eutrophication footprint per unit yield of wheat and maize increased. For the option without irrigation (I-4), the water scarcity footprints were entirely from farm inputs and less than 10% of those from other irrigation options. The increase of water footprint mainly resulted from the increase of irrigation. However, considering the yield, the option I-1 showed the greatest potential to reduce the water footprint while not causing significant yield decline. For the wheat-maize rotation, under the I-1 management option, the total irrigation water input was reduced by 100 mm, the water scarcity footprint was reduced by 27.5% and the water eutrophication footprint was reduced by 23.9% compared to current farming practice.
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Table 4. Water scarcity footprints and water eutrophication footprints of wheat and maize under different irrigation options. H2Oe, H2O equivalent; PO4−3e, PO4−3 equivalent.
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Crop

	
Item

	
Unit

	
Irrigation Options




	
FI

	
I-1

	
I-2

	
I-3

	
I-4






	
Wheat

	
Irrigation water use

	
L·kg−1

	
324.6

	
264.3

	
184.1

	
119.4

	
0.0




	
Farm input water use

	
L·kg−1

	
6.8

	
7.2

	
7.5

	
9.7

	
21.6




	
Water scarcity footprint

	
L H2Oe kg−1

	
544.6

	
444.7

	
311.7

	
206.1

	
17.2




	
N leaching amount

	
g·kg−1

	
2.1

	
1.9

	
1.1

	
0.7

	
0.0




	
Water eutrophication footprint

	
g PO4−3e·kg−1

	
0.9

	
0.8

	
0.4

	
0.3

	
0.0




	
Maize

	
Irrigation water use

	
L·kg−1

	
121.0

	
57.1

	
57.5

	
57.0

	
0.0




	
Farm input water use

	
L·kg−1

	
4.9

	
4.9

	
4.9

	
4.9

	
4.9




	
Water scarcity footprint

	
L H2Oe·kg−1

	
204.9

	
98.7

	
99.5

	
98.6

	
3.9




	
N leaching amount

	
g·kg−1

	
1.0

	
0.5

	
0.4

	
0.5

	
0.0




	
Water eutrophication footprint

	
g PO4−3e·kg−1

	
0.4

	
0.2

	
0.2

	
0.2

	
0.0









The water scarcity footprint and water eutrophication footprint of wheat and maize under different N options are shown in Table 5. As the N application level went up, N pollution per unit yield increased, resulting in an increase in the crop water eutrophication footprint. As a tradeoff, the increase of crop yields resulting from increased nitrogen application led to declines in the water scarcity footprints. Considering the yield, the option N-1 showed the greatest potential for N management, which can reduce the water eutrophication footprint while not causing significant yield decline. For the wheat-maize rotation, under the N-1 option, the total N inputs were reduced by 150 kg·ha−1, the water eutrophication footprint of was reduced by 52.3%, while the water scarcity footprint was increased very slightly (2.0%) compared to current farming practices.
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Table 5. Water scarcity footprints and water eutrophication footprints of wheat and maize under different N options.
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Crop

	
Item

	
Unit

	
N Application Options




	
FN

	
N-1

	
N-2

	
N-3






	
Wheat

	
Irrigation water use

	
L·kg−1

	
291.4

	
293.6

	
319.8

	
354.4




	
Farm input water use

	
L·kg−1

	
6.1

	
4.7

	
3.7

	
2.5




	
Water scarcity footprint

	
L H2Oe·kg−1

	
488.9

	
491.4

	
534.2

	
590.7




	
N leaching amount

	
g·kg−1

	
0.9

	
0.4

	
0.1

	
0.0




	
Water eutrophication footprint

	
g PO4−3e·kg−1

	
0.4

	
0.2

	
0.0

	
0.0




	
Maize

	
Irrigation water use

	
L·kg−1

	
110.4

	
115.2

	
122.5

	
131.6




	
Farm input water use

	
L·kg−1

	
4.3

	
3.4

	
2.6

	
1.6




	
Water scarcity footprint

	
L H2Oe·kg−1

	
186.8

	
194.0

	
205.5

	
219.8




	
N leaching amount

	
g·kg−1

	
0.6

	
0.3

	
0.0

	
0.0




	
Water eutrophication footprint

	
g PO4−3e·kg−1

	
0.2

	
0.1

	
0.0

	
0.0











4. Discussion


4.1. Water Footprinting Methodology


This study applied the framework for product water footprinting defined by ISO [11]. According to ISO 14046, a water footprint assessment can be reported as a single value or as a profile of impact category indicator results. To facilitate interpretation and avoid potential uncertainty in normalization and aggregation processes, this study reported water scarcity footprint and water eutrophication footprint separately. As such, weighting methods that combine consumptive and degradative water use into a single metric were not applied [33,34]. In some previous studies, the degradative water footprint has been assessed using a critical dilution volume indicator, i.e., the so-called grey water footprint [3,5,6]. However, the grey water footprint results depend substantially on the choice of water quality standard applied [19]. Furthermore, the grey water footprint has been found to be confusing, as the term grey water is already used in the water industry to refer to nutrient-rich sewage from households that lack fecal or urine contamination. A variety of other weaknesses associated with grey water have also been discussed previously [34]. As such, in this study, the degradative water footprint was assessed using the aquatic eutrophication potential method [32]. However, since there exists a lack of reliable data on phosphorus and pesticide losses, this study was limited to modelling the degradative water footprint associated with nitrogen emitted to water. In China, the N cycle in agricultural soils has been extensively studied, due to the relevance to GHG emissions reporting and mitigation, and reliable models exist to quantify flows. This study applied the DNDC model to simulate N leaching from the wheat-maize rotation system, which has been calibrated and validated and shown to deliver reliable results [23,29]. The simulated amount of N leaching ranged from 0.6 to 2.1 g·kg−1 (i.e., 10.9–20 kg·ha−1) for wheat-maize cropping under the farmers’ current practice of 450 kg N application per hectare. Other studies based on field experimentation have assessed the amount of N leaching in the range from 1.5 to 81.8 kg·ha−1 for wheat and maize in the surrounding North China Plain under local N application ranging from 400 to 600 kg N per hectare [20,29,35,36]. N leaching varies among the different studies because of differences in climate, soils and management practices. However, the results of this study showed the overall tendency that reducing farmers’ irrigation and N application rate can decrease the N leaching, which is in agreement with Ju et al. [20] and Li et al. [35]. To enable a comprehensive assessment of potential water degradation impacts, future modelling needs to include phosphorus and pesticides emitted to water from the cropping systems.




4.2. Water Footprint Implications


There is a pressing awareness that the impacts of human production and consumption on freshwater resources must be reduced [2]. The ultimate goal of water footprinting is to reduce the water footprint associated with humanity’s production and consumption of goods and services. However, most of the previous studies focused on reporting the water footprint values only, rather than proposing practical management options [3,5,6]. By one estimate, the water footprint of humanity must be reduced in the order of 50% to achieve the sustainable utilization of global freshwater [2]. It is more urgent to decrease water consumption and pollution in the regions with high WSI. Being situated in the water-scarce northern part of China, the Beijing region, with a very high WSI (1.00), faces severe water stress. Numerous studies have assessed the agricultural water use in Beijing and suggested political and technological measures to be applied [22,37]. However, these studies were based on traditional water use assessment, ignoring the environmental impacts associated with water consumption and pollution from an LCA perspective.



Applying the LCA-based water footprinting method, this study has illustrated the great potential for reducing water consumption and N leaching of the wheat-maize rotation system in the Beijing region. The results showed that farmers who apply excessive water and N fertilizer do not generally obtain a higher yield. Poor irrigation and fertilization practices therefore represent an economic cost to farmers, as well as contributing to the exacerbation of the existing local water scarcity and water pollution problems. Maintaining the yield of wheat and maize at the farmers’ current level, the irrigation water could be reduced by 100 mm for wheat-maize cropping, with a reduction of the water scarcity footprint by 27.5% and the water eutrophication footprint by 23.9%. Considering the total area of 2.3 × 104 ha of wheat-maize cropping (based on the area of wheat [17]), the total volume of irrigation water use and N leaching could be reduced by 2.4 × 107 m3 and 1.4 × 105 kg, respectively. However, the irrigation experiments in this study took place during seasons when normal rainfall patterns prevailed. In seasons when rainfall patterns departed greatly from the norm, the preferred irrigation schema identified in this study may not be practical. Continuing experimentation in various sites is needed to address such conditions. For the N management experiments, the one-year study showed that local farmers’ N application rate was excessive, consistent with other evidence [20,35]. The study found that reducing the current N application rate by 150 kg·ha−1 can maintain crop yields, but substantially reduce N loss to the environment. However, it is questionable whether this optimizing of N management is sustainable to maintain crop yields in the longer term. The crop yields obtained in this experiment could have been supported by residual N from previous rotations. Nevertheless, it appears certain that N application rates can be safely reduced in the short term while steps are taken to enable farmers to more accurately match N applications to long-term crop requirements.



It is important to note that the water and N management experiments in this study were conducted independently. Thus, the optimal water and N application measures identified here cannot be applied together directly. Numerous studies have identified that there exist coupling effects of water-fertilizer management on crop yield, as well as water and fertilizer use efficiency [38,39,40]. Further research is needed to explore a reasonable co-allocation of water and fertilizer application in the wheat-maize rotation system, which can reduce the crop water footprint while maintaining the crop yields. Actually, reducing the water and fertilizer application can not only reduce the crop water footprint, but also can save costs and mitigate other environmental impacts, such as greenhouse gas emissions [41]. In addition, from the technology aspect, measures, such as installing water-saving irrigation equipment (e.g., drip and sprinkler irrigation equipment), rainwater harvesting, irrigation with recycled water and fertilization by soil testing, can all be applied to further improve the water and fertilizer management. Beyond the technology aspect, there are also opportunities to achieve better agricultural water management through improvements in the policy and regulatory environment, as well as enhanced agricultural and environmental education for farmers and consumers.





5. Conclusions


Since agriculture makes a major contribution to humanity’s water consumption and pollution, the solution to reduce water footprints depends overwhelmingly on shifting the patterns of agricultural production. Beijing is one of the most water-stressed regions in the world. For the interests of agricultural land conservation and water stress alleviation, the area of traditional wheat-maize cropping is likely to be increased. However, current farming practice involves excessive irrigation and fertilization in the case of wheat and maize production, leading to serious water wastage and pollution. Based on field experiments, our study provides evidence for the great potential of water footprint reduction from the improvement of farming practices for cereal cropping in water-stressed Beijing. Optimizing the water and N application can greatly reduce both the water scarcity footprint and the water eutrophication footprint, while maintaining the yields of wheat and maize. Reducing the irrigation water volume by 100 mm (33.3%) for wheat-maize cropping, the total water scarcity and the water eutrophication footprint could be lowered by 27.5% and 23.9%, respectively. Similarly, reducing the N application by 150 kg·ha−1 (33.3%), the total water eutrophication footprint could be lowered by 52.3% with a similar water scarcity footprint. However, since the irrigation and N application experiments were conducted separately during seasons when typical rainfall conditions prevailed, further studies are recommended to quantify the coupled effects of water-fertilizer options on crop yield, water consumption and pollution emission under various rainfall conditions. For the Beijing region, optimizing crop management regimes, together with upgrading irrigation and fertilization systems, deserves more attention for future policy directives and farming systems design to achieve sustainable agricultural water management. This situation in Beijing is likely to be representative of the challenge facing many of the agricultural regions in China, where there is currently widespread excessive application of irrigation and fertilization inputs to production, and a sustainable means of food production must be found.
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