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A B S T R A C T   

Over the past decades, China’s rice production area has experienced a substantial change in spatial distribution 
that has exacerbated national freshwater scarcity. To support the development of guidelines for sustainable water 
use in rice cropping, this study explores the potential for achieving a downscaled freshwater use boundary with 
high spatial resolution while maintaining China’s current production levels. We found that, to operate within the 
boundary, which was defined using a water scarcity index, national irrigation water use for rice cropping should 
reduce by 10% in water-scarce regions, implying a 10% loss in national rice production without further inter-
vention. However, using scenario analysis, we found that the production losses can be reduced to approximately 
7% by closing yield gaps, and fully compensated by closing harvest area gaps in water-rich regions. The closing of 
both the yield and harvest area gaps allows an increase of 6.9 million metric tons of rice (3% of the national 
production). The water-rich regions which are suitable for double-rice systems show a high potential to increase 
rice production. The spatial redistribution of rice production under these scenarios resulted in a reduction in the 
national water-scarcity footprint related to rice cropping of 52–55%. These results demonstrate that, to reach the 
downscaled water use boundary, national redistribution of rice production is necessary and urgent. Our study 
provides detailed spatial information to support water and land use decisions.   

1. Introduction 

Freshwater is one of the most important resources on Earth. 
Although it appears that current global blue water consumption (surface 
and groundwater) is within the freshwater use boundary (Steffen et al., 
2015), there is a growing demand to downscale the boundary, as water 
scarcity is a local or regional phenomenon (Huang et al., 2020; Ridoutt 
and Pfister, 2010a). It has been identified that the spatial water con-
sumption pattern rather than the absolute shortage requires further 
assessment to reduce the pressure humanity puts on freshwater because 
major parts of global freshwater withdrawals occur in water-stressed 
regions (Ridoutt and Pfister, 2010a). Agriculture is the most water- 
intensive sector, accounting for more than 85% of the world’s water 
consumption (Döll and Siebert, 2002; Rodda, 2004). At present, many of 
the world’s intensive agricultural production areas, such as the North 

China plain (Zhang et al., 2018) and California in the USA (Diffenbaugh 
et al., 2015), are facing water scarcity. Irrigation has exacerbated the 
problem and caused serious environmental impacts (e.g., over-depletion 
of groundwater and increased surface runoff) (Sun et al., 2015; Tian 
et al., 2009). It is imperative to optimize the spatial pattern of global 
irrigation consumption to meet the goals of food security and sustain-
able water use (Davis et al., 2017). 

Rice is one of the staple grain crops in China. China produces 28% of 
the global rice supply and is self-sufficient currently (Deng et al., 2019). 
As a water-intensive crop, almost all the rice cropping systems in China 
are irrigated (You, 2012). In recent decades, China’s rice production has 
experienced a substantial spatial change, and that change has exacer-
bated China’s national water scarcity because of the mismatch in the 
spatial and temporal distributions of arable land and water resources in 
China (Huang et al., 2020). 

Abbreviations: AEZ, agro-ecological zone; WSI, water scarcity index; WSF, water-scarcity footprint. 
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Few studies have investigated the associated environmental impacts 
and measures for mitigation, particularly with regard to freshwater 
consumption. Davis et al. (2017) found that the global redistribution of 
crops would ensure food security while reducing water consumption. 
Our previous study determined that to meet a downscaled water use 
boundary, which was defined by a water scarcity index (WSI) (Pfister 
et al., 2009) derived from the water consumption-to-availability ratio, 
China’s national rice production would need to be reduced by 6% if the 
yield gap is not closed in water-rich regions (Huang et al., 2020). 
However, that study was based on county-level data with low spatial 
resolution. Those results require further assessment with detailed spatial 
information. In addition, that study only evaluated balancing rice pro-
duction from the perspective of closing the yield gap. Yu et al. (2017) 
found that closing the harvest area gap, which was defined as the harvest 
area that can be gained if existing croplands are harvested as frequently 
as possible, is another effective measure to promote China’s grain pro-
duction. It is reported that there is substantial potential to increase rice 
cropping via the conversion of single-rice systems to double-rice systems 
in southern China (Deng et al., 2019). To date, the environmental im-
plications of closing China’s harvest area gaps have not been assessed, 
and those of closing yield gaps have only been assessed at a coarse scale. 
To fill these gaps, we aim to assess the potential of rice redistribution in 
China at a high spatial resolution by considering a downscaled water use 
boundary and the closing of both yield and harvest area gaps. 

In this study, three scenarios (i.e., closing yield gaps, closing harvest 
area gaps, and closing both yield and harvest area gaps) were designed 
to redistribute China’s rice production to meet a downscaled water use 
boundary with a high spatial resolution of 5 arc-minutes. The AquaCrop 
model (Raes et al., 2009; Steduto et al., 2009) was applied to simulate 
rice yield and irrigation water consumption, which were then used to 
calculate yield gaps and water-scarcity footprints (WSFs), which are an 
indicator of the potential environmental impacts from water scarcity 
(Ridoutt and Pfister, 2010a). We compared the WSFs before and after 
the redistribution of rice production and examined the balance of rice 
production under the different scenarios. In this way, we explored 
whether China can remain within water sustainability limits while 
maintaining the current level of rice production. Our study aims to 
provide evidence that enables policies to set agricultural water use 
priorities by redistributing rice production and promoting rice produc-
tion in suitable regions (a framework figure is available in Supplemen-
tary Information, SI Fig. S1). 

2. Methods 

2.1. Crop model and data sources 

We applied the FAO AquaCrop model (http://www.fao.org 
/aquacrop) to simulate rice yield and irrigation water consumption 
across China (5 arc-minutes). AquaCrop was originally developed as a 
single-point, field-based model that focused on the simulation of crop 
yield responses to water (Raes et al., 2009; Steduto et al., 2009). Its 
application has been globally tested in various agricultural systems 
(Vanuytrecht et al., 2014). Through field experiments, the AquaCrop 
model has been calibrated and validated for cropping systems in China 
(Huang et al., 2020). To advance the application of AquaCrop to 
national-scale spatiotemporal simulations, we managed the inputs and 
outputs of AquaCrop using a geospatial tool called GeoSim (Thorp and 
Bronson, 2013) that was modified to work effectively with AquaCrop 
nationwide in China (Huang et al., 2019b). 

The raster maps of yield, production, physical area and harvest area 
of rice in 2010 (averaged from 2009 to 2011) were obtained from the 
Spatial Production Allocation Model (International Food Policy 
Research Institute, 2019), representing the actual rice production. The 
model downscales the crop production statistics originally reported by 
geographically-aggregated administrative units (counties), considering 
any prior knowledge about the spatial distribution of crops (e.g., 

satellite-derived land cover images, crop suitability, irrigation and 
population density). The model outputs were validated by various data 
sources and are considered as the most disaggregated spatial data of 
crops on a global scale (You et al., 2014). 

Daily climate data from 729 weather stations in the rice cropping 
regions as well as crop parameters (e.g., sowing date, sowing density, 
and growth period) from 2009 to 2011 were obtained from the National 
Meteorological Information Centre (http://data.cma.cn). Soil data from 
the Harmonized World Soil Database (Wieder et al., 2014) were used to 
distinguish soil textures. The key indicators of each soil hydraulic 
parameter and other crop parameters are presented in our previous 
study (Huang et al., 2020). The initial soil moisture content of rice was 
set at saturation because paddy fields are generally prepared to be 
saturated before transplanting. As almost all rice cropping systems are 
irrigated in China (You, 2012), we modeled rice yield and water con-
sumption by applying the “Determination of Net Irrigation Require-
ment” option in AquaCrop, which designates the addition of a small 
amount of water per day to the soil profile for full irrigation when root 
zone water consumption exceeds the specified threshold. The threshold 
was set to 10% of readily available soil water, which can produce high 
yields while avoiding irrigation water waste (Lu et al., 2009; Peng et al., 
2006). We did not consider the possible stress factors (e.g., nutrient 
deficiencies and soil salinization) that could lead to yield loss. Therefore, 
the simulated rice yield can be considered as the potential yield. The 
processing of input data for AquaCrop modeling and AquaCrop’s 
implementation in GeoSim were conducted as described in our previous 
study (Huang et al., 2019b). Finally, the simulated results of rice yield 
and irrigation water requirements from 2009 to 2011 were obtained and 
averaged at the grid-cell level to represent the yield and irrigation water 
consumption in 2010. 

2.2. Yield and harvest area gap assessment 

Over the past decades, the term yield gap has been widely used in the 
literature to indicate the difference between actual and potential yields 
(Lobell et al., 2009; Mueller et al., 2012). The yield-gap analysis pro-
vides a way to estimate the untapped production potential by estimating 
the difference between current agricultural yield and the potential yield 
that can be achieved when yield losses due to factors such as nutrient 
deficiencies, pests, and diseases are minimized (Lobell et al., 2009). In 
this study, the potential rice yields were obtained from AquaCrop as 
described in Section 2.1. Previous studies have illustrated that current 
farm yields tend to stagnate at 75–80% of the potential yield due to the 
decline in the return on investment of additional inputs (Deng et al., 
2019; Lobell et al., 2009). We set the exploitable yield to 80% of the 
potential yield in this study. The yield gap was calculated as: 

Ygap = Ypotential⋅80% − Yactual (1)  

where Y is the yield (kg ha− 1). Analogous to the yield gap, the harvest 
area gap was defined as the harvest area that can be gained if existing 
croplands are harvested as frequently as possible based on their poten-
tial for multi-cropping (Yu et al., 2017). It has been determined that 
there is substantial potential to increase the harvest area gap based on 
existing croplands without cropland expansion in China or globally (Wu 
et al., 2018; Yu et al., 2017). The major potential for increasing China’s 
rice harvest area exists in the warm climates of southern regions, where 
double-rice cropping (i.e., two rice crops per year planted and harvested 
in the same field) is possible (Deng et al., 2019). By applying the spatial 
boundary of double-rice systems identified by a previous study (Deng 
et al., 2019), we calculated the harvest area gap (HAgap, ha) by applying 
the cropping frequency (2): 

HAgap = Aphysical⋅2 − HAactual (2) 

The results of yield and harvest area gaps were presented in a raster 
map with the boundaries of China’s agro-ecological zones (AEZs, Fig. 1), 
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which are defined based on factors such as climatic, soil and landform 
characteristics (Liu and Chen, 2005). 

Although yield and harvest area gaps may exist in many regions, it 
would be environmentally harmful to increase rice production in water- 
scarce regions. Thus, in this study, we only consider the yield and har-
vest area gaps in water-rich regions. The water-scarce and water-rich 
regions were defined based on a downscaled water use boundary and 
are described in Section 2.3. 

2.3. Downscaling the freshwater use boundary 

The originally proposed freshwater use boundary provides a global 
benchmark of blue water consumption (Rockström et al., 2009). The 
absolute benchmark does not consider the water scarcity background or 
spatial heterogeneity of water scarcity (Huang et al., 2020). To reflect 
the spatial heterogeneity of regional water scarcity as reflected by water 
consumption and water availability, we downscaled the water boundary 
by applying a WSI (Pfister et al., 2009). A WSI, which links water con-
sumption to potential impacts from water scarcity, is related to the ratio 
of freshwater consumption to hydrological availability and ranges from 
0.01 to 1. We calculated the WSIs in 2010 (averaged from 2009 to 2011) 
following the method of Scherer and Pfister (2016), which has calcu-
lated the global WSIs as consumption-weighted average of monthly 
WSIs for the decades 1981–1990 and 2001–2010 at a resolution of 30 
arc-minutes. Applying the data of water consumption, water availability 
and precipitation from the same global datasets during 2009–2011, we 
calculated the average monthly WSIs for the years of 2009–2011 in 
China. The primary 30 arc-minute data were disaggregated by bilinear 
interpolation to 5 arc-minutes. The sustainable water use boundary in an 
area with rice cultivation was defined as the water consumption level 
that results in a WSI of 0.5, which represents the threshold between 
moderate and severe water scarcity (Pfister et al., 2009). We then 
assessed the gap between the water consumption in 2010 and the target 
at the downscaled water boundary. 

First, we obtained the monthly water consumption (WCm,actual, m3) 
of all users (i.e., agriculture, industry and domestic sector) in each grid 
cell in 2010 from global datasets (Scherer and Pfister, 2016). Second, we 
computed the monthly target water consumption (WCm,target, m3) by 
setting the WSI to the threshold of 0.5. Third, a ratio (R), which reflects 
the extent to which the current water consumption would be reduced or 
increased to reach the target, was calculated as: 

R = min
m∈months

(WCm,target − WCm,actual)
/

WCm,actual (3) 

Using the minimum ratio among the months was intended to achieve 
the sustainability target even in the month with the most severe water 
scarcity. The R was then applied to determine the irrigation water 

consumption gap for current rice production by the following processes. 
First, we assessed the actual irrigation water consumption (Iactual, 

m3) for rice in each grid cell: 

Iactual = Ikg⋅Pactual (4)  

where Ikg (m3 kg− 1) is the irrigation water consumption per kilogram of 
rice in each grid cell based on the irrigation water consumption and rice 
yield obtained from AquaCrop (see Section 2.1). The Pactual (kg) is the 
actual rice production in each grid cell. The gap (Igap, m3) between the 
actual and target irrigation water consumption was then calculated by 
applying R: 

Igap = Iactual⋅R (5) 

We assumed that in limiting the water consumption to reach a sus-
tainable water use boundary (WSI = 0.5), all the water users, including 
rice production, should have equal responsibility. A negative Igap in-
dicates that the area is a water-scarce region that must reduce irrigation 
water consumption to reach the boundary, whereas a positive value 
indicates that the area is a water-rich region, which has a certain po-
tential to increase irrigation. 

2.4. Rice redistribution under water constraints 

To meet the downscaled water use boundary, rice production in 
some water-scarce regions should be reduced, whereas some water-rich 
regions have the potential to increase production. The gap in rice pro-
duction (Pgap, kg) associated with the water consumption gap was 
calculated as: 

Pgap = Igap
/

Ikg (6) 

Analogous to Igap a negative Pgap indicates that the area should reduce 
rice production, whereas a positive value indicates that the area has a 
certain potential to increase production. Here, however, the potential 
for increasing rice production is the highest potential based only on 
irrigation water availability. The actual production might be con-
strained by the crop yield and area. Therefore, we further examined the 
potential of regions with the capacity for additional irrigation water to 
boost rice production. We did not allow for cropland expansion in the 
water-rich areas so that the potential for rising rice production would be 
achieved by closing yield and harvest area gaps. We designed three 
scenarios of rice redistribution to examine the national balance of rice 
production needed to reach the water use boundary. 

In Scenario 1, we increased rice production in water-rich regions by 
only closing the yield gap (see Section 2.2). The potential increase in rice 
production under Scenario 1 (P1,potential, kg) at the grid-cell level was 
calculated as: 

Fig. 1. China’s first-order agro-ecological zones (AEZs). The number of the AEZ represents the code linked to its name (Liu and Chen, 2005).  
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P1, potential = Ypotential⋅80%⋅HAactual − Pactual (7) 

In Scenario 2, we increased rice production in the water-rich regions 
by only closing the harvest area gap (see Section 2.2). The potential 
increase in rice production under Scenario 2 (P2,potential, kg) at the grid- 
cell level was calculated as: 

P2, potential = Yactual∙Aphysical⋅2 − Pactual (8) 

In Scenario 3, we increased rice production in the water-rich regions 
by closing both the yield and harvest gaps (i.e., by maximizing pro-
duction potential). The potential increase in rice production under 
Scenario 3 (P3,potential, kg) at the grid-cell level was calculated as: 

P3, potential = Ypotential⋅80%∙Aphysical⋅2 − Pactual (9) 

The water- and production-constrained potential (Pi,constrained, kg) for 
a water-rich region to increase crop production under Scenario i (i = 1, 
2, 3) was determined by: 

Pi,constrained = min
(
Pgap,Pi,potential

)
(10) 

The total production under the three scenarios (Pi,total, kg) was 
calculated as: 

Pi,total = Pi,constrained +Pactual (11) 

By integrating the grid cells where rice production should decrease to 
meet the downscaled water boundary with the grid cells that have the 
potential to increase rice production, we obtained three raster maps of 
the rice redistribution under the three scenarios. The actual irrigation, 
irrigation gap, actual production, and production gap at the grid-cell 
level were aggregated at the level of China’s AEZs for analyzing the 
regional balance of rice production and water consumption. 

2.5. Water-scarcity footprint assessment 

The WSI was used to calculate the water-scarcity footprint per kilo-
gram of grain (WSFkg, m3 H2Oe kg− 1) following the method developed 
by Ridoutt and Pfister. (2010b): 

WSFkg = Ikg∙WSI (12) 

The average WSI from 2009 to 2011 (see Section 2.3) was applied to 
calculate the WSFkg in 2010. For the three scenarios, the WSIs of the 
water-scarce regions after rice redistribution were supposed to be 0.5 
because we assumed that all water users should reduce water con-
sumption to reach the downscaled water boundary. However, it is 
impossible to assess the exact WSIs in the water-rich regions after rice 
redistribution as our study only investigated rice production. Therefore, 
we determined the degree to which water was reduced in the water- 
scarce regions and then assumed that the water consumption in the 
water-rich regions required to compensate for that reduction was 
increased proportionally unless the water boundary was reached earlier. 
We then recalculated the WSI and WSF per kilogram of grain (WSFkg, 

redistributed, m3 H2Oe kg− 1) in the water-rich regions. 
The WSF2010 (m3 H2Oe) in 2010 was derived from the actual pro-

duction as: 

WSF2010 = WSFkg∙Pactual (13) 

Accordingly, the WSF under the three scenarios (WSFi, m3 H2Oe) for 
rice redistribution was calculated as: 

WSFi = WSFkg,redistributed∙Pi,total (14) 

The WSFs in 2010 and after redistribution at the grid-cell level were 
aggregated to the level of China’s AEZs. 

To compare the spatial variability of WSFs at both the AEZ and na-
tional scales, we calculated the coefficients of variation (CVs) of the 
WSFs as: 

CV = σ/μ (15)  

where the σ is the standard deviation, and μ is the average of the WSFs. 

3. Results 

3.1. Yield and harvest area gaps 

The estimated national potential yields ranged from 6.6 to 
10.9 t ha− 1, while the farm yields varied from 4.3 to 6.7 t ha− 1. In the 
water-rich regions, the area-weighted average potential yield was 
7.4 t ha− 1, whereas the average farm yield was 6.5 t ha− 1. It indicated 
that the farm yield had already approached the 80% potential yield 
threshold. However, the potential yields varied widely among regions 
and rice cropping systems. The average potential yield of single-rice 
crops was 7.9 t ha− 1, while that of the double rice crops was 
6.9 t ha− 1 for each round of cultivation. 

Converting single-rice systems to double-rice systems will increase 
the annual yield. The annual potential yield from double-rice crops was 
13.8 t ha− 1, which is 75% higher than that of the single rice crop. The 
exploitable yield gaps (based on 80% potential yield) in the double-rice 
systems were 35% greater than for the single-rice systems (an average of 
0.8 versus 0.6 t ha− 1 per season, respectively). The exploitable yield gap 
varied among China’s AEZs (Fig. 2). The highest yield gap was found in 
the Qinghai-Tibet Plateau (an average of 3.6 t ha− 1), but this region has 
a small rice production area (less than 0.01 million ha). The Southwest 
had a relatively high yield gap of 0.7 t ha− 1, followed by Jiangnan 
(0.5 t ha− 1) and the South (0.4 t ha− 1). However, if the annual double- 
cropping practices in Jiangnan and the South are taken into consider-
ation, the yield gaps in these AEZs were higher than those in the 
Southwest. The yield gaps in the middle-lower reaches of Yangtze River 
basin and in Sichuan were less than 0.1 t ha− 1. 

The national harvest area gap was approximately 6.0 million ha, 
accounting for 21% of the national rice harvest area in 2010. Consid-
ering water availability, the harvest area gap in the water-rich regions 
was 4.7 million ha (Fig. 3). The middle-lower reaches of the Yangtze 
River basin had the largest harvest gap (2.0 million ha) followed by 
Jiangnan (1.3 million ha) and the South (1.1 million ha). The total 
harvest area gap in the middle-lower reaches of the Yangtze River basin, 
Jiangnan, and the South accounted for 94% of the harvest area gap in 
the water-rich regions. 

Fig. 2. Exploitable yield gaps in water-rich regions. The black outlines indicate 
the boundaries of China’s first-order AEZs. For the names of the AEZs, please 
refer to Fig. 1. White indicates no data, no rice or no yield gap. 
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3.2. Rice redistribution under water constraints 

The WSIs before rice redistribution (in 2010) were presented in  
Fig. 4a. WSI varies spatially. The higher WSIs were founded in water- 
scarce regions, such as the Huang-Huai-Hai and northwestern regions. 
The WSIs in these regions were close to 1.0. In contrast, the WSIs in some 
southern and northeastern regions were much less than 0.5. After rice 
redistribution to reach the downscaled water use boundary (WSI = 0.5), 
the WSIs higher than 0.5 in water-scarce regions are reduced to be 0.5; 
the WSIs in water-rich regions are still equal to or less than 0.5, but the 
WSIs in some regions have been slightly increased because of the in-
crease of rice production (Fig. 4b). 

To reach the downscaled water use boundary, the national con-
sumption of irrigation water for rice production would need to be 
reduced in water-scarce regions by 7.3 × 109 m3, which is approxi-
mately 10% of the national irrigation water consumption for rice in 
2010. The major hotspot regions were in the middle-lower reaches of the 
Yangtze River basin, Huang-Huai-Hai, the South, and the Northeast, 

which required 39%, 20%, 12% and 10%, respectively, of the total 
irrigation reduction target (SI, Table S1). The water-rich regions 
(WSI < 0.5) had the potential to increase irrigation by 1.5 × 1012 m3, 
which is far greater than the reduction target for the water-scarce re-
gions (SI, Table S1). These regions are primarily located in the middle- 
lower reaches of the Yangtze River basin and the Northeast; both re-
gions account for approximately 42% of the total potential increase in 
irrigation water. Consequently, there is no absolute national irrigation 
water shortage for rice production within the water use boundary. 

A reduction in irrigation within the water-scarce regions implies that 
the associated rice production would also be decreased. Based on the 
current crop yields, the total rice loss in the hotspot regions was esti-
mated at 19.4 million metric tons, which is 10% of the national pro-
duction in 2010 (SI, Table S2). The major hotspot regions were in the 
middle-lower reaches of the Yangtze River basin, the South, and Huang- 
Huai-Hai, which would need to reduce their regional rice production by 
41%, 18%, and 17%, respectively. However, the potential for increasing 
irrigation in water-rich regions also makes it possible to increase rice 
production regionally. Closing the yield gaps (Scenario 1) could 
compensate for 25% of the loss in rice production in water-scarce re-
gions (Fig. 5a). In meeting the downscaled water use boundary, the 
national rice production would decrease by 14.5 million metric tons, 
which represents 7% of the national production in 2010. By closing the 
harvest area gaps (Scenario 2), national rice production would increase 
slightly by 1.6 million metric tons, which represents 1% of the national 
production (Fig. 5b). By closing both the yield and harvest area gaps 
(Scenario 3), national rice production would increase by 6.9 million 
metric tons, which represents 3% of the national production (Fig. 5c). 
The major increases would occur in Jiangnan (63%), the middle-lower 
reaches of Yangtze River basin (60%), and the South (26%), whereas 
the production in Huang-Huai-Hai, the North plateau, and the Northeast 
would decrease by 48%, 5% and 5%, respectively. 

3.3. Water-scarcity footprints under different scenarios 

The national WSF for rice production in 2010 was 16.2 billion m3 

H2Oe, whereas the total WSFs after redistribution were 7.3 (S1), 7.7 (S2) 
and 7.8 billion m3 (S3) (Fig. 6). Compared with the total WSF in 2010, 
the total WSFs under S1, S2 and S3 decreased by 55.1%, 52.4% and 
51.6%, respectively. The primary contributors to the decrease in all 
scenarios were the middle-lower reaches of the Yangtze River basin and 

Fig. 3. Harvest area gaps in water-rich regions. The black outlines indicate the 
boundaries of China’s first-order AEZs. For the names of the AEZs, please refer 
to Fig. 1. White indicates no data, no crop or no harvest area gap. 

Fig. 4. Water scarcity index (WSI) before and after rice redistribution. (a) WSI before redistribution, and (b) WSI after redistribution. White indicates no data.  
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Huang-Huai-Hai. In Scenario 1, the middle-lower reaches of the Yangtze 
River basin, Huang-Huai-Hai, the South and the Northeast represented 
56.1%, 15.3%, 8.1% and 7.7% of the total decrease, respectively. Under 
Scenario 2, these zones represented 55.6%, 16.0%, 7.9% and 8.3% of the 
decrease; whereas under Scenario 3, they represented 56.2%, 16.3%, 
7.8% and 8.2% of the decrease. 

The coefficients of variation (CVs) of the WSFs across the AEZs and 
the country are presented in Table 1. Under the three scenarios, the CVs 
of the WSFs at the country level were 2.08 (S1), 2.07 (S2) and 2.04 (S3), 
which are lower than the CV of 2.60 in 2010. Among the major AEZs for 
rice production, the CV in the Northeast, Jiangnan, the South and the 
middle-lower reaches of the Yangtze River basin decreased substantially 
after redistribution, whereas the CV in Huang-Huai-Hai and the South-
west slightly increased after redistribution. The South was the region 
with the greatest decrease in the CV after redistribution, from 4.06 to 
1.77 (S1), 1.71 (S2) and 1.67 (S3). The WSF of Qinghai-Tibet Plateau is 
the lowest because rice production in the region is much lower than the 
other regions. The CV of the region is higher than of other regions 
because of the large spatial variations in local water scarcity and rice 
cropping systems. 

4. Discussion 

4.1. Comparison with other studies 

The national farm rice yield in 2010 was approximately 6.5 t ha− 1. 
Although a national average yield gap of 3.0 t ha− 1 was found by Deng 
et al. (2019), farm yields typically stagnate in many regions due to 
numerous factors, such as resource availability and diminishing returns 
from inputs. Considering the sustainable water use limit, we estimated 
the yield gaps in water-rich regions. Our estimated average yield po-
tential (7.4 t ha− 1) in the water-rich regions was lower than the national 
average potential (9.8 t ha− 1) reported by Deng et al. (2019). This dif-
ference might be the result of factors such as the use of different time 
series, spatial resolutions and model choices. In addition, as mentioned 
in our previous study, the AquaCrop modeling is subject to a range of 
uncertainties, such as the lack of detailed national datasets on irrigation 
practices and soil fertility (Huang et al., 2020). However, both studies 
found that the average farm yield approached the potential threshold 
and that the potential yields varied widely among regions and rice 
cropping systems. In addition, both studies identified that double-rice 
systems have higher yield gaps than single-rice systems. Identifying 
the critical factors, to which the modeled results of water consumption 
and crop yield are most sensitive, would allow further improving the 
results in future work. 

To our knowledge, the harvest area gap of rice has not previously 

Fig. 5. Redistribution of rice production. (a) Scenario 1 (S1), (b) Scenario 2 (S2), (c) Scenario 3 (S3), and (d) comparison of the redistributed production with 
production in 2010 at the AEZ level. The black outlines indicate the boundaries of China’s first-order AEZs. For the names of the AEZs, please refer to Fig. 1. 
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been estimated using such a high spatial resolution at the national scale. 
This impeded conducting a detailed comparison with other studies. Yu 
et al. (2017) found that the rice-dominated regions, including the Lower 
Yangtze and the southern regions (corresponding to the AEZs of the 
South and Jiangnan), had the highest attainable harvest area gap, 

accounting for the majority of the national harvest area gap. That 
finding is consistent with our results that the major harvest area gaps for 
rice occurred in the middle-lower reaches of the Yangtze River basin, 
Jiangnan, and the South. 

Our previous study found that closing the yield gap (reaching 80% of 
the potential yield) in water-rich regions can fully compensate for the 
rice loss in water-scarce regions that is required to reach the downscaled 
water use boundary (Huang et al., 2020). This study found that a loss of 
7% of national production would occur if closing only the yield gaps in 
water-rich regions was considered. The inconsistency between these two 
studies might be explained by the following factors. First, the previous 
assessment was conducted at the county scale (approximately 2900 
counties), whereas this study was performed at a grid-cell scale with a 
resolution of 5 arc-minutes. The low spatial resolution of the previous 
study led to an overestimation of the area of water-rich regions. The 
total harvest area in the water-rich regions in the previous study is 14% 
higher than that of this study. This higher harvest area led to a higher 
production estimate when closing the yield gaps in the water-rich re-
gions. However, the most recent data available in the Spatial Production 
Allocation Model with a high spatial resolution is for 2010, which pre-
cluded a high spatial resolution assessment for 2015. Second, the 
different time series (2015 versus 2010) also led to differences in a 
number of input variables (e.g., the climate data applied to the Aqua-
Crop modeling). Third, the previous study estimated the target water 

Fig. 6. Water-scarcity footprints (WSFs) in 2010 and under different scenarios. (a) Scenario 1 (S1), (b) Scenario 2 (S2), (c) Scenario 3 (S3) and (d) comparison of the 
WSFs after redistribution with the WSF in 2010 at the AEZ level. The black outlines indicate the boundaries of China’s first-order AEZs. For the names of the AEZs, 
please refer to Fig. 1. 

Table 1 
Coefficients of variation (CVs) of water-scarcity footprints (WSFs) at the AEZ and 
country levels.  

Region WSF in 2010 
(m3) 

CV 

2010 S1 S2 S3 

Northeast 2.3 × 109  2.69  2.57  2.61  2.57 
Huang-Huai-Hai 1.7 × 109  2.43  2.44  2.45  2.44 
Middle-lower reaches of 

Yangtze 
7.9 × 109  1.51  1.26  1.28  1.27 

Jiangnan 1.2 × 109  2.61  1.54  1.52  1.49 
South 1.2 × 109  4.06  1.77  1.71  1.67 
North plateau 3.5 × 108  3.06  2.53  2.58  2.53 
Northwest 2.5 × 108  3.00  3.20  3.22  3.20 
Sichuan 6.8 × 108  2.16  1.13  1.12  1.12 
Southwest 5.8 × 108  4.38  3.12  3.28  3.12 
Qinghai-Tibet Plateau 7.7 × 104  4.80  5.13  4.61  5.13 
Country 1.6 × 1010  2.60  2.08  2.07  2.04 

Note: S1: Scenario 1, S2: Scenario 2, S3: Scenario 3. The number of the AEZ 
represents the codes linked to their names (see Fig. 1). 
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consumption by always aiming at the downscaled water use boundary 
even if it implied an overall increase in national water consumption, 
whereas this study maintained the same level of water consumption at 
the national level after crop redistribution. Thus, the reduction targets 
and potential increase in regional irrigation water and associated pro-
duction differ between the two studies. In general, we believe that the 
results obtained in this study, which are based on more detailed spatial 
information to reveal the spatial variations on rice performance, are 
more reliable. 

4.2. Limitations and implications 

It has been broadly recognized that it is necessary to downscale the 
freshwater use boundary at the regional scale (Huang et al., 2020; 
Ridoutt and Pfister, 2010b; Steffen et al., 2015). However, few studies 
have explored how to achieve a downscaled water boundary while 
ensuring food security. Here, we downscaled the water boundary by 
applying the water scarcity index, which considers the water scarcity 
background as reflected by both water consumption and water avail-
ability. We set the sustainable water use boundary at a WSI of 0.5 
indicating the expert judgment of the threshold between moderate and 
severe water scarcity (Pfister et al., 2009). However, for future work, the 
value of 0.5 should be further assessed according to different back-
ground and goals of regional water use. In addition, the calculation of 
WSI in this study was based on the data from 2009 to 2011. The indi-
cator should be updated to account for changes in temperature and 
precipitation in future work. Also, it is valuable for future work to 
identify the critical factors which increased the WSIs in the past decades. 

Based on the WSI-defined downscaled water use boundary, we 
assessed the gap between the actual and target irrigation water con-
sumption by applying the ratio (R) (Eqs. 3 and 5). Due to the lack of data 
and the complexity to allocate distinct responsibilities, we calculated the 
ratio for all the water users (all sectors and crops), assuming that all the 
water users, including rice production, are equally responsible to limit 
their water consumption to reach the sustainable boundary. The 
consideration of the minimum ratio among the months aimed to achieve 
the sustainability target even in the month with the most severe water 
scarcity. Thus, it might underestimate the potential to increase irrigation 
in water-rich regions, while overestimating the need to reduce irrigation 
in water-scarce regions. Nevertheless, our results show substantial po-
tential to increase irrigation water in water-rich regions, which exceeds 
the reduction target in the water-scarce regions. Our conclusion that 
there is no absolute national irrigation water shortage for rice produc-
tion within the water use boundary remains reliable. However, the 
actual increase in irrigation water depends on many factors, such as the 
availability of infrastructure and system efficiency, which require 
further assessment. 

As an irrigation-intensive crop, rice production has generated the 
highest water scarcity of China’s three stable grain crops (i.e., rice, 
wheat and maize) as reflected by the water-scarcity footprint indicator 
(a national average of 0.15, 0.13 and 0.05 m3 H2Oe kg− 1 for rice, wheat 
and maize, respectively) (Huang et al., 2020). Many studies have 
focused on water-saving measures for rice cropping from the perspective 
of breeding drought-tolerant varieties and improving soil quality and 
farm management practices (Mbava et al., 2020; Zwart and Bas-
tiaanssen, 2004). Few studies have examined the spatial patterns of 
water consumption for national rice cropping, which may put pressure 
on China’s freshwater when rice production occurs in regions of high 
water scarcity. China’s rice production has experienced a substantial 
spatial change in recent decades (Liu et al., 2013). Aside from some 
driving factors, such as urbanization, improvements in irrigation and 
changes of land use policy, climate change has been identified as an 
important driver of the spatial change in rice production (Li et al., 2015; 
Liu et al., 2015). It has been reported that approximately 37 billion ha 
(4% of the national land area) in northern regions has become suitable 
for rice cultivation due to climate change over the past three decades, 

and 18.2% of the increase in rice cropping area matches the pattern of 
climate change (Liu et al., 2015). The spatial change in rice production 
has substantially increased the total water-scarcity footprint of national 
rice production, and the increase is primarily related to production 
expansion in the Northeast (Huang et al., 2020). This study found that to 
meet the downscaled water use boundary, the irrigation water in the 
water-scarce regions in the Northeast must be reduced by 10% of the 
national target of irrigation reduction. This finding indicates that 
regional policies on water management and food production should 
carefully consider spatial variation in water scarcity, particularly in the 
context of climate change. Warmer temperatures might allow the 
expansion of rice cropping but may also exacerbate local water scarcity. 

To reach the downscaled water use boundary, a national redistri-
bution of rice production is necessary and urgent. Rice redistribution 
under our scenarios could considerably reduce the national water- 
scarcity footprint by 52–55%, while only slightly affecting the produc-
tion by − 7–3%. By closing the yield gaps in water-rich regions, the 
national rice loss could be reduced from 10% to 7%, whereas closing the 
harvest area gaps would fully compensate for the loss in production. This 
finding indicates that converting single-rice systems to double-rice sys-
tems in suitable regions (Scenario 2) has substantially greater potential 
to increase rice production than closing yield gaps. The double-rice 
systems accounted for 66% of the national harvest rice area in the 
1980s, whereas they currently represent less than 40% (Deng et al., 
2019). One of the major divers of this change is the decreasing rural 
labor and rising labor costs, which lead to a lower net income from 
double-rice systems than from single-rice systems (Chen et al., 2013). 
Thus, more and more cropland has been converted from a double-rice to 
a single-rice system, termed “double to single”. On the contrary, rice 
cropping expanded in some water-scarce northern regions during the 
past decades (Huai et al., 2019). However, from the perspectives of both 
food and water security, it is necessary to make full use of the existing 
suitable land for double-rice production instead of exploring new arable 
land, particularly in water-scarce regions. The rice production capacity 
of converted “double to single” paddy fields was estimated to be 1.7 
times the target for newly cultivated land in China’s land consolidation 
plan for 2016–2020; in addition, the full use of the converted “double to 
single” paddy fields can save 167 billion yuan (RMB) in newly reclaimed 
cultivated land costs (Jiang et al., 2019). Given China’s growing 
awareness of the environmental impact of agricultural production, it 
appears possible to implement related measures to reach sustainable 
water use and grain production goals. Regional adjustments in cropping 
structure for water scarcity mitigation have already been successfully 
implemented by measures such as providing a certain number of sub-
sidies to steer farmers’ cropping practices (Huang et al., 2019a). Simi-
larly, subsidies could encourage farmers to practice double-rice 
cropping rather than single-rice cropping in suitable regions. Our 
research provides detailed spatial information to support such decisions. 

5. Conclusions 

As many countries in the world face the challenges of water and food 
security, where and how food production occurs has emerged as an 
important concern. This study uses China’s rice production as a case 
study to address the water-food nexus. We demonstrate the high po-
tential for sustainable rice production by exploring opportunities in 
water-rich regions. Food production should carefully consider the 
regional water scarcity background. It is necessary to avoid aggravating 
unsustainable water consumption, which often occurs in regions of high 
water scarcity. To reach the downscaled water use boundary, rice 
redistribution is urgent and possible. By scenario analysis, we identified 
that there is substantial potential to balance rice production and water 
use by closing both the yield and harvest area gaps in water-rich regions 
(Scenario 3). Particularly, converting the current single-rice systems to 
double-rice systems shows high potential (Scenario 2). National policies 
on land use are advised to encourage the promotion of rice production in 
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water-rich regions that are suitable for double-rice cropping. Using rice 
production as a case study, we demonstrate the broader value of inte-
grating food production with a water use boundary for sustainable 
development. 
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