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The limited available water resources and competition among different water use sectors

have become the main constraints of food security and sustainability. Faced with the

inability to expand the area of cultivated land due to urbanization and population growth,

one of the biggest challenges and risks for developing countries is to ensure the

supply of food quantity and quality under extremely limited water resources. To achieve

water-saving and improve calorie supply by adjusting crop production allocations, three

objectives—of minimum blue water footprint, maximum calorie production, and each

crop production no less than the reference level of nine main crops in China—were

achieved using a non-dominated sorting genetic algorithm II. The results display that

compared with the reference year, model Maize+ (maize production increased) had

significant blue water saving (∼32%), the blue water footprint of crop production in

all provinces reduced, and its calorie production increased by 4%. This solution is not

realistic for China because wheat and rice production need to be reduced by 82 and 80%,

respectively. However, model Citrus– (citrus production decreased) reduced the blue

water footprint of crop production (∼16%), and increased calorie production (∼12%).

Compared with other solutions, it is a sustainable crop production structure that is

easier to realize because it is better at meeting the production of each crop. Therefore,

China can appropriately increase the planting area of maize and reduce the planting

of citrus and other crops that consume more blue water and produce fewer calories

to ensure the security and sustainability of food supplies. However, the improvement

of water saving-technology, rationalization of agricultural water resources management,

crop production allocations mentioned in this study, and other efforts are necessary to

achieve this goal.

Keywords: crop production allocation, blue water footprint, calorie production, multiple obecjtive optimization,

provincial level

INTRODUCTION

Water crises have become one of the top five key global risks (WEF World Economic Forum,
2017). Global agricultural water consumption accounts for 92% of total water use (Hoekstra
and Mekonnen, 2012). By 2050, the global population will increase by 2 billion (UN United
Nations Department of Economic Social Affairs Population Division, 2019); thus, if we do not seek
transformation, more water will be consumed to produce calories that sustain human life than now
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(Tuninetti et al., 2020). Simultaneously, competition for limited
water resources among different industries is increasing in
developing countries. Faced with the inability to increase the
cultivated land area owing to the expansion of urban areas and
population growth (Seto and Ramankutty, 2016; Liu et al., 2020;
Sun et al., 2020), one of the biggest challenges and risks for
developing countries is to securing food quantity and quality
under extremely limited water resources. Thus, we must consider
both natural resources and food supply to provide acceptable
solutions (Davis et al., 2017).

Different industries consume and compete for extremely
limited blue water (surface water and groundwater) resources.
Therefore, reducing the blue water footprint (BWF) of
agricultural production and improving the utilization efficiency
of agricultural blue water resources are key to achieving food
safety and sustainability globally, especially in developing
countries and regions. On the regional scale, defining the
crop planting structure through an objective optimization
model is considered to be an effective method to improve
the utilization efficiency of agricultural blue water resources
(Singh, 2012). Many studies have explored the optimization
of planting structures for different regions. For example,
Chouchane et al. (2020) adopted a linear optimization method
to reduce the global BWF of crop production by 21% by
adjusting the rainfed harvested area, irrigation-harvested area,
and planting location of crops in the world. Osama et al.
(2017) increased the economic benefits of Egypt by 6.44% ±

0.84 under the restriction of water and land resources, but the
planting area of non-strategic crops decreased significantly. All
the above studies take a single condition as the optimization
goal, but in practical applications, multiple objectives have
to be achieved simultaneously, such as resource efficiency,
stable crop production allocation, and consumption demand
satisfaction. Several studies use a multi-objective optimization
model to optimize the crop planting structure. For example,
Davis et al. (2017) identified global crop planting patterns
that can minimize the crop demand for blue and green water
(rainwater that will not become runoff), and increase calorie and
protein production by combining a process-based crop water
model with maps of spatially interpolated yields for 14 major
food crops. However, the allocation of global crop production
changed significantly. Neamatollahi et al. (2018) aimed to
maximize the net income of farmers, minimize agricultural
water use, minimize the use of chemical fertilizers and chemical
pesticides, reduced agricultural water consumption by 27%
in the Mashhad Plain, but significantly reduced the planting
area of crops such as wheat and barley. Under constraints or
other objectives, there is a trade-off between the water-saving
potential and crop production allocations on each scale. The
conclusions of the above studies ignore the realistic constraint of
the stability of crop production allocations, and it is difficult to
achieve the corresponding optimization results in the production
practice within the effective time. Hoekstra (2003) proposed
the concept of the water footprint in 2002. It refers to the total
water consumption of a product in the entire production supply
chain at a specific time and place. In agricultural production,
the consumption water footprint includes the BWF and green

water footprint (Hoekstra et al., 2011). Only part of the irrigation
water supplied forms the evapotranspiration of crops, which
is utilized and produced by crops. The remaining return flow
is used for other purposes through runoff and groundwater
recharge (Hoekstra and Mekonnen, 2012; Zhao et al., 2016;
Zhuo et al., 2016). The BWF of crop production represents
the actual consumption of irrigation water by crops, and it is a
more accurate measure of water resource occupation by crop
production activities (Hoekstra and Mekonnen, 2012). Reducing
the BWF of crop production rather than reducing the return
flow is the real improvement in crop water use efficiency (Zhao
et al., 2016).

Therefore, to ensure the stability of the crop production
allocation and improve the feasibility of the scheme, we take,
as the optimization objectives, the minimum BWF of crop
production, maximum calorie production (CP), and production
of each crop to be not lower than the production level of the
reference year. Furthermore, we sought to adjust crop production
allocations to achieve blue water-saving and improve the calorie
supply. Using China as an example (Figure 1), this study selects
9 main crops for optimization whose calories provided Chinese
residents with 81% of the daily calories supplied by all fruits,
oil crops, cereals, starchy roots, and vegetables (FAOSTAT
Food Agriculture Organization of the United Nations, 2014).
Specifically, the cereal and oil crops considered in this study
accounted for 98 and 93% of all cereal and oil crops consumption
as food, respectively (FAOSTAT Food Agriculture Organization
of the United Nations, 2014). Additionally, we establish the
provincial scale crop planting structure optimizationmodel using
the non-dominated sorting genetic algorithm II (NSGA-II) (Deb
et al., 2002).

MATERIALS AND METHODS

Data Sources
The yield and planting area of each province was obtained from
NBSC National Bureau of Statistics (2014). The data of daily
precipitation, daily meanmaximum temperature, and daily mean
minimum temperature of 698 meteorological stations used for
the Aquacrop model were retrieved from CMDC (2014). The
irrigation and rainfed areas of 9 crops came from MIRCA2000
(Portmann et al., 2010). The soil texture data were obtained
from the ISRIC database (Dijkshoorn et al., 2008). The soil water
content data were taken from Batjes (2012). The date of crop
planting refers to Chen et al. (1995). The harvest index was from
Zhang and Zhu (1990) and Xie et al. (2011). Crop growth period
and maximum root depth were obtained from Allen et al. (1998)
and Hoekstra and Chapagain (2007). The calorie content of crops
was provided by the FAO “Nutritive Factors” database (FAOFood
Agriculture Organization of the United Nations, 2012).

Calculating BWF per Unit Mass of Crop
The BWF per unit mass of crop (uBWF, m3 kg−1) is calculated
from the daily blue evapotranspiration (ETb[t] , mm) and crop

yield (Y , kg ha−1) during the growing period (Hoekstra et al.,
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FIGURE 1 | Distribution of total production and production proportion of 9 crops in Chinese mainland provinces (2014).

2011) as follows:

uBWF =
10×

∑gp
t=1 ETb[t]

Y
(1)

where 10 is the conversion coefficient and gp (d) refers to
the length of the growing period. The ETb[t] and Y during
the growth period were simulated using the AquaCrop model.
AquaCrop is a water-driven crop growth model developed by
the FAO. Compared with other crop growth models, it has fewer
parameters for yield and water response studies and provides
a better balance between simplicity, accuracy, and robustness
(Hsiao et al., 2009). The simulated values of crop yield at each
station acquired from the model are aggregated by province and
checked at the provincial scale by using national statistical data.

The dynamic soil water balance in the AquaCrop model is
demonstrated in the formula:

S[t]=S[t−1] + PR[t] + IRR[t] + CR[t] − ET[t] − RO[t] − DP[t] (2)

where S[t] (mm) is the soil moisture content at the end of
day t. PR[t] (mm) and IRR[t] (mm) are the rainfall and the
quantity of irrigation on day t, respectively. CR[t] mm is the
capillary rise from groundwater. RO[t] (mm) and DP[t] (mm)
refer to the surface runoff generated by rainfall and irrigation,
and the quantity of deep percolation on day t, respectively. RO[t]

is obtained from the Soil Conservation Service curve-number
equation (USDA, 1964; Rallison, 1980; Steenhuis et al., 1995):

RO[t] =
(PR[t] − Ia)

2

PR[t] + S− Ia
(3)

where Ia (mm) is the initial water loss before surface runoff.
S (mm) refers to the maximum potential storage, which is a
function of the soil curve number.DP[t] mm is determined by the
drainage capacity (m3 m−3day−1). When the soil water content
is less than or equal to the field capacity, the drainage capacity
equals 0 (Raes et al., 2017) The daily inflow and outflow at the
root zone boundary are simulated using the AquaCrop model.
On this basis, we used the BWF calculation framework (Chukalla
et al., 2015; Zhuo et al., 2016) combined with the model of soil
water dynamic balance to separate the daily blue ET (mm). The
formula is:

Sb[t] = Sb[t−1] + IRR[t] − RO[t] ×
IRR[t]

PR[t] + IRR[t]

−
(

DP[t] + ET[t]
)

×
Sb[t−1]

S[t−1]
(4)

where Sb[t] represents the blue soil water content at the end of
day t. According to Siebert and Döll (2010), we set the initial soil
moisture as the maximum soil moisture of rainfed fallow land 2
years before planting. Simultaneously, we assume that the initial
soil water during the growing period is green water (Zhuo et al.,
2016).

Calculating BWF per Unit of Calorie
Production and Calorie Production per Unit
Area
The BWF per unit of calorie production (ucBWFc, m3 kcal−1)
refers to the quantity of blue water required to produce 1,000
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calories. The BWF per unit of calorie production for crops
was calculated from the BWF per unit mass of crops (uBWF,
m3 kg−1) and the calorie content per unit mass of crops (CC,
kcal kg−1) (FAO Food Agriculture Organization of the United
Nations, 2012). The BWF per unit of calorie production in crop
production for a country (ucBWFn, m3 kcal−1) is calculated from
the total BWF (BWF, m3 y−1) for crop production and CP (CP,
kcal y−1):

ucBWFc =
uBWF

CC
(5)

ucBWFn =
BWF

CP
(6)

The CP per unit area of crops (YC, kcal ha−1) refers to the calories
provided by the crop produced per unit area, and is calculated
from yield and calorie content per unit mass of crops:

YC = Y × CC (7)

Multi-Objective Optimization
NSGA-II is an effective multi-objective evolutionary algorithm
(Deb et al., 2002) and has been widely used to find optimal
solutions for optimization problems (Penn et al., 2013; Reed et al.,
2013; Zhang et al., 2014; Ye et al., 2018). Based on the principle of
evolution, it iterates from an initial population through random
selection, crossover, andmutation. After the survival of the fittest,
the population finally converges into a group of individuals who
are most suitable for the environment, thus obtaining a Pareto-
optimal solution set (a solution is called Pareto optimal if none
of the objective functions can be improved without degrading
several of the other objective values) (Ömer Faruk and Mehmet
Bülent, 2018).

In this study, a multi-objective optimization model is
established based on NSGA-II, and the methodology flowchart is
displayed in Figure 2. In the process of optimization, we assume
that the proportion of irrigated and rainfed areas and the yield
of each crop in each province of China are consistent with the
reference year (2014), so the BWF of each crop in each province
is constant. The planting structure of 9 crops in China was
the control variable of this optimization, and the following two
constraints were considered. First, the total planting area of crops
in each province remains unchanged. Second, the total CP of the
entire country is greater than or equal to the CP of the reference
year. For each crop planting structure, the corresponding BWF,
CP, and the degree of crop production no lower than the
production level of the reference year was calculated:

BWF =

31
∑

i

9
∑

j

(uBWFi,j × Ai,j × Yi,j)

=

31
∑

i

9
∑

j

(uBWFi,j × Pi,j) (8)

CP =

31
∑

i

9
∑

j

(CCj × Ai,j × Yi,j) =
31

∑

i

9
∑

j

(CCj × Pi,j) (9)

SC =

9
∑

j

SCj (10)

where BWF (m3 y−1), CP (kcal y−1), and SC refer to the total
BWF, total CP, and score of crop production no lower than the
production level of reference year in China, respectively. The SC
was aimed to measure the feasibility of the scheme. uBWFi,j (m3

kg−1), Ai,j (ha y−1), Yi,j(kg ha−1), and Pi,j (kg y−1) refer to the
BWF per unit mass, planting area, yield, and production of crop
j in the reference year, respectively. For province i, which has
never planted crop j, we assume that it is not suitable for planting
this crop, so the yield of the corresponding crop is 0. CCj (kcal
kg−1) is the calorie content per unit mass of the crop (FAO Food
Agriculture Organization of the United Nations, 2012). SCj is an
index to evaluate the degree of national crop j production (Pj,kg
y−1), which is not lower than the production level of the reference
year, using the scoring system. If crop j production is greater than
or equal to the production of crop j in the reference year (Prj , kg

y−1), plus one point; otherwise, the deviation degree is calculated
as follows:







SCj = 1 if Prj − Pj ≤ 0

SCj = 1−
Prj−Pj

Prj
if Prj − Pj > 0

(11)

The goals of the optimization are to minimize the BWF of crop
production, maximize CP, and crop production is no lower than
the production level of the reference year. The three objective
functions are as follows:

min (BWF) (12)

max (CP) (13)

max (SC) (14)

Owing to the acceleration of urbanization and industrialization
in China, cultivated land resources are constantly being occupied
(Liu et al., 2020; Sun et al., 2020). The Chinese government has
issued a “red line” policy, which limits the area of cultivated
land in China and each province to ensure national and regional
food security (Seto and Ramankutty, 2016; MNRPRC Ministry
of Natural Resources of the People’s Republic of China, 2017).
Under such conditions, the cultivated land area of the entire
country and each province undergoes little change (NBSC
National Bureau of Statistics, 2019). Therefore, we assume that
the total planting area of each province is constant, and the
planting area of each crop in each province is not negative. Unlike
land, which is immobile, water resources can be regulated within
a space, such as the allocation and regulation of trans provincial
river basins and the South-North Water Transfer Project.
Moreover, the actual water consumption of each province does
not represent the optimal allocation, and the constraints on the
water consumption of each province will seriously reduce the
search space for optimization, resulting in unsatisfactory results.
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FIGURE 2 | Methodology flowchart. Each national crop planting structure represents an individual, and these different individuals form a population. By calculating the

BWF, CP, and the degree of crop production no lower than the production level of reference year of everyone, the relatively optimal individual is selected as the new

parent population. After iteration and evolution, it approximates the optimal population.

Therefore, this study does not restrict the water consumption
of each province. Additionally, to ensure an increase in CP, we
restrict the total CP to be greater than or equal to the actual CP.
The constraints are as follows:

∑

j

Ai,j =
∑

j

Ar
i,j; i = 1− 31, j = 1− 9 (15)

CP ≥ CPr (16)

Ai,j ≥ 0; i = 1− 31, j = 1− 9 (17)

where Ar
i,j (ha y

−1) is the planting area of crop j in province i of

the reference year, and CPr (kcal y−1) is the total CP in China of
the reference year.

After obtaining Pareto solutions, we use the BWF per unit
of calorie production in crop production for China (ucBWFn)
as an external criterion to select the planting structure with the

highest water-use efficiency in each scored segment for analysis
and comparison.

RESULTS

BWF of Crop Production and Calorie
Production in the Reference Year
In the reference year, the Chinese total BWF and CP were 186.2
billion m3 y−1 and 1925.4 billion kcal y−1 for 9 crop production,
respectively. Among the provinces (Figure 3A), Henan was the
region with the highest crop production, accounting for 10%
of the total crop production in China (Figure 1). Therefore, its
BWF (∼21.3 billion m3 y−1) of crop production and CP (∼211.6
billion kcal y−1) were the highest (Figure 3), accounting for
11% of the national BWF of crop production and CP. Since
the crop production in both Qinghai and Tibet was <1% of
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FIGURE 3 | Spatial distribution of BWF and CP in China under different crop production allocations. The six maps correspond to reference (A), Rice - (B), Potato -

(C), Citrus - (D), Maize + (E), and Maize ++ (F). The darker the color of each region, the larger the BWF of crop production; the size of the pink circle represents the

value of CP in each province. The regions with large adjustment of crop planting area are marked in the figure, and the texts indicate the increase (+) or decrease (–)

state of corresponding crop planting area.

the total Chinese crop production, their BWF (∼120 million m3

y−1) of crop production and CP (∼913 million kcal y−1) were
the lowest—both <1% of the national BWF of crop production
and CP.

In the reference year, the BWF per unit of calorie production
and the CP per unit area of each crop in each region differed
more significantly between crops than provinces (Figure 4). The
difference in BWF per unit of calorie production and CP per

unit area among crops were mainly related to the BWF per unit
mass and crop yield. Under the national average, citrus not only
had the largest BWF per unit of calorie production (∼183 m3

10−3 kcal−1) (Figure 4A) but also had a lower CP per unit area,
which was only 4 kcal ha−1 (Figure 4B). Although potato had
the smallest BWF per unit of calorie production (∼16 m3 10−3

kcal−1), it had the lowest CP per unit area (∼3 kcal ha−1). Owing
to the high yield and calorie content per unit mass, maize, rice,
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FIGURE 4 | Spatial difference of BWF per unit of calorie production (ucBWF ) and CP per unit area (YC) of crops. (A,B) reveal the BWF per unit of calorie production

and the CP per unit area of different crops planted in different regions, respectively.

and wheat as the three staple crops were the three crops with
the highest CP per unit area. Among them, the BWF per unit
of calorie production of maize was relatively low (∼59 m3 10−3

kcal−1). Simultaneously, the CP per unit area of maize was the
highest (∼20, 680 kcal ha−1) because of its higher calorie content
per unit mass. The BWF per unit of calorie production of rice and
wheat were relatively high, 1.9 and 2.4 higher than that of maize,
respectively. Additionally, the CP per unit area was 92 and 85%
of that of maize, respectively. By comparison, maize was a crop
with advantages in saving blue water and increasing CP.

The differences in the BWF per unit of calorie production
and the CP per unit area of crops in different regions were
mainly caused by the local climate and yield levels (Figure 4).
Xinjiang, Gansu, and Ningxia had a higher BWF per unit of
calorie production of crops, and at least 6 crops had higher
BWFs per unit of calorie production than the national average.
The BWF per unit mass of the crop in these three provinces
was generally higher than the national average because they
are located in the arid northwestern region of China with an
average annual rainfall of 23, 43, and 58% of the national
level, respectively. Additionally, they rely on irrigated agriculture
(MWRPRCMinistry of Water Resources of the People’s Republic
of China, 2014; NWCNingxiaWater Conservancy, 2014;WRDG
Water Resources Department of Gansu, 2014; WRDX Water

Resources Department of Xinjiang, 2014), and have relatively
high evapotranspiration (Wang et al., 2019). The BWF per unit
of calorie production of crops in Chongqing and Sichuan were
relatively low. As a result, the BWF per unit mass of crops in
these provinces was generally lower than the national average
due to the abundant rainfall (SPDRD Sichuan Provincial Water
Resources Department, 2014; WRBC Water Resources Bureau
of Chongqing, 2014) and humid climate in these regions. As
far as the CP per unit area of each crop, Shandong and Henan
were higher, while Guizhou, Guangxi, and Jiangxi provinces were
lower. This was related to the yield of crops.

Results of Multi-Objective Optimization
Figure 5 illustrates the Pareto solution set obtained by NSGA-
II. According to the situation of crop production allocations
displayed on the z-axis, we divided the results into 5 categories
(8–9, 7–8, 6–7, 5–6, and 4–5) based on scores. A score of 9
indicated that all crop productions were higher than or equal
to the production level of the reference year and the scheme
was the easiest to implement. The lower the score, the farther
away the crop production allocation was from the goal of not
lowering the reference production level. All solutions were from
4–9 points. The crop production allocations <4 points were
eliminated because the CP constraint could not be met. There
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FIGURE 5 | Pareto solution set obtained by NSGA-II. Each point in the figure represents an optimization result.

was an obvious trade-off between the BWF of crop production,
CP, and the degree of no lower than the reference production
level in the solutions. Comparing the BWF of crop production
and CP in each scored segment with the reference year, we found
that the crop production allocations in 5–6 points with the largest
BWFs reduction (17–32%) increased the CPs (4–13%) second
only to those of 6–7 points. The crop production allocations in
6–7 points increased the largest CPs (10–20%), but the BWFs
were 0.8–1.1 times that of the reference year. Although the crop
production allocations in 8–9 points were the solutions with the
highest degree of no lower than the reference production level,
their corresponding BWFs were reduced the least (0–5%), and
the CP was almost unchanged.

In the five scored segments, we selected the optimization
results with the smallest BWF per unit of calorie production in
the country as a representative for further analysis (Figure 6).
The total production and planting area of various crops of
each representative is showed in Table 1. According to this,
each optimization result was named according to the crop
with the largest relative change and its change state (“+”
represents increase and “–” represents decrease) in production

(Table 1, see Data Sheet for the data of crop planting area,
crop production, BWF of crop production and CP of crop
production in Chinese provinces under different crop production
allocations). Figure 6A illustrates that the farther the crop
production allocation is from the goal of no lower than the
reference production level (the lower the score), the smaller
its BWF per unit of calorie production is, with Maize +

reaching the lowest (∼35% reduction compared to the reference
year). Simultaneously, the relative contribution of crops to the
BWF of crop production, CP, and crop production changed
significantly (Figure 6). The proportion of maize in the BWF of
crop production, CP, and crop production increased significantly
by 193, 106, and 140%, respectively. The proportion of rice was
significantly reduced by 53, 69, and 63%, respectively. Except for
the reference year, Rice—had the highest BWF per unit of calorie
production (∼91 m3 10−3 kcal−1). Similar to the reference year,
regarding the BWF for crop production in Rice -, the BWF of
rice production accounted for the largest proportion of the total
BWF, at 32%. However, maize was the largest contributor to CP
and crop production, accounting for 44 and 33%, respectively.
Maize+ had the lowest BWF per unit of calorie production (∼63
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FIGURE 6 | Characteristics of different crop production allocations. The BWF per unit of calorie production in different crop production allocations (A), relative

contribution of crops to the BWF of crop production (B), calorie production (C), and crop production (D) under different crop production allocations (the legend below

is for B–D).

m310−3 kcal−1), and was the crop with the largest proportion of
its BWF of crop production, CP, and crop production, accounting
for 76, 84, and 65%, respectively.

Crop Production Allocations for Saving
Blue Water and Improving Calories Supply
Under all crop production allocations, the national BWF of
crop production and CP were reduced and increased by varying
degrees, respectively, but the areas with a large BWF of crop
production and CP were unchanged (Figures 3B–F, 7). Among

the different optimization results, Maize +, Citrus –, and Rice—
all effectively achieved the goals of reducing the BWF and
increasing the CP (Figure 7). Compared with the reference year,
Maize + increased the production of maize and tomato (with
a low BWF per unit of calorie production of approximately
70 m3 10−3 kcal−1) by 118 and 101%, respectively, its BWF
of crop production was reduced the most (∼32%) and the
CP, increased by 4% (Figure 7). Under this crop production
allocation, the BWFs of crop production in all provinces were
reduced by varying degrees (Figure 3). Among them, wheat and
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TABLE 1 | Crop production allocations selected from scored segments.

Score Name Apple Citrus Groundnut Maize Potato Rice Soybean Tomato Wheat

9(2014) Reference Production 41 35 16 216 17 207 12 53 126

Area 227 252 460 3,712 491 3,031 680 125 2,407

8-9 Rice- Production 39 (−5%) 35 (1%) 15 (−9%) 236 (9%) 17 (1%) 179 (−13%) 13 (3%) 52 (−2%) 130 (3%)

Area 21 (−6%) 25 (−1%) 43 (−7%) 410 (10%) 49 (0%) 262 (−13%) 69 (2%) 12 (−3%) 246 (2%)

7–8 Potato– Production 40 (−3%) 13 (−62%) 17 (3%) 259 (20%) 6 (−66%) 211 (2%) 6 (−53%) 70 (34%) 138 (9%)

Area 18 (−22%) 9 (−63%) 51 (11%) 442 (19%) 18 (−64%) 306 (1%) 27 (−60%) 13 (8%) 255 (6%)

6–7 Citrus– Production 42 (2%) 4 (−87%) 17 (2%) 389 (80%) 6 (−64%) 129 (−38%) 3 (−72%) 82 (56%) 86 (−32%)

Area 20 (−12%) 10 (−59%) 52 (14%) 678 (83%) 18 (−64%) 179 (−41%) 16 (−76%) 20 (62%) 145 (−40%)

5–6 Maize+ Production 42 (3%) 5 (−86%) 16 (−2%) 471 (118%) 11 (−35%) 41 (−80%) 7 (−45%) 106 (101%) 23 (−82%)

Area 24 (6%) 18 (−30%) 58 (25%) 842 (127%) 31 (−37%) 64 (−79%) 31 (−54%) 28 (127%) 42 (−82%)

4–5 Maize++ Production 23 (−43%) 5 (−85%) 18 (6%) 493 (129%) 4 (−74%) 72 (−65%) 2 (−80%) 48 (−9%) 21 (−83%)

Area 13 (−43%) 9 (−65%) 56 (21%) 878 (136%) 14 (−71%) 107 (−65%) 14 (−80%) 11 (−12%) 37 (−84%)

The values in the table refer to the production (106t) and planting area (105ha) by crops in the country. The relative changes compared with the reference year are demonstrated

in brackets.

FIGURE 7 | Total BWF of crop production (A) and CP (B) under different crop production allocations.

rice production in Yunnan was reduced (decreased by 98 and
89%, respectively). Its BWF was reduced the most (∼80%). The
CP did not increase in any of the provinces. The province with
the highest increase was Anhui (∼14%), which was due to an
increase in maize production by 495%. The province with the
largest decrease in CP was Henan (∼1%) because of its 73%
reduction in wheat production. Simultaneously, Henan still had
the highest BWF of crop production (∼20.5 billion m3 y−1),
accounting for 16% of the national BWF of crop production.
This is because wheat and maize production in Henan was 38
and 11% of the Chinese total crop production, respectively, and
the BWF per unit of calorie production of maize was 1.6 times
the national average. Due to the increase in maize production
(∼69%), Heilongjiang had the highest CP (∼214.7 billion kcal
y−1), accounting for 11% of the national total CP. Qinghai still
had the lowest BWF (∼40 million m3 y−1) of crop production,

which was <1% of the national total BWF of crop production,
and Tibet still had the lowest CP (∼930 million kcal y−1),
which was <1% of the national total CP. This was because
their crop production was lower than 1% of the national total
crop production.

The Citrus-’s BWF of crop production was reduced by
16%, and its CP increased the most (∼12%) (Figure 7). This
was mainly due to the increase in maize production (∼80%)
and a decrease in citrus production (∼87%). Under this crop
production allocation, the province with the largest increase in
the BWF of crop production was Hubei (∼33%) because of
a 71% increase in rice production. Simultaneously, Shandong
became the province with the largest reduction in BWF of
crop production (∼32%) due to an 87% reduction in wheat
production. Sichuan had the largest increase in CP (∼28%) due
to a 274% increase in maize production. However, Shanxi had
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the largest reduction in CP (∼1%) because of a 79% reduction in
wheat production. Henan was the main wheat-producing area,
accounting for 77% of the national production. Thus, its BWF of
crop production (∼23.2 billion m3 y−1) and CP (∼226.6 billion
kcal y−1) was the highest, accounting for 15 and 11% of the total
BWF and CP of national crop production, respectively. Qinghai
(∼41 million billion m3 y−1) and Tibet (∼950 million kcal y−1)
remained the provinces with the lowest BWF of crop production
and the lowest CP, respectively, both of which were <1% of the
national BWF of crop production and CP.

Although Rice- was closest to the goal of not lowering the
reference production level, its BWF of crop production was
only reduced by 5%, and its CP increased by <1% (Figure 7).
Regarding changes in the BWF of crop production in various
regions, Shanxi had the largest increase in the BWF of crop
production (∼17%) because of the increase in wheat production
(∼56%). Anhui had the largest reduction in BWF of crop
production (∼45%) due to the reduction in rice production
(100%). Regarding changes in the CP of various regions, except
for Qinghai and Gansu whose CP decreased by 20 and 10%,
respectively, the changes in CP in other regions were relatively
small (∼± 6%). The regions with the highest and lowest BWF of
crop production and CP were consistent with the reference year
(Figure 3).

DISCUSSION AND CONCLUSION

In this study, for the first time, we take the minimum BWF,
maximum CP, and each crop production no less than the
reference level as optimization objectives, and evaluate the
impact of different crop production allocations on water saving
and CP under certain conditions. At present, the research results
at different scales all reveal a phenomenon where there is a trade-
off between the water-saving of each scale and crop production
allocations under the limits of constraints or other objectives
(Davis et al., 2017; Osama et al., 2017; Neamatollahi et al., 2018).
However, these studies ignore the stability of crop production
allocations and the feasibility of the optimization scheme. Only
when we pay attention to this point can we formulate a more
reliable water-saving plan and explore more ways to achieve the
security and sustainability of food supplies.

Therefore, we consider nine major crops in China as an
example and establish a model of multi-objective optimization
to obtain the Pareto solutions through NSGA-II to determine
the trade-off between the BWF of crop production, CP, and crop
production allocations. The Pareto solution set obtained in this
study is only approximate to the optimal solution set rather than
the optimal solution set. Generally, it is just able to approach the
optimal solutions infinitely (Liu Y. et et al., 2018).

Among all the crop production allocations, maize and citrus
were the crops with the largest increase and decrease in the
planting area, respectively. As a result of the smaller BWF per
unit of calorie production and the highest CP per unit area of
maize, it can consume less blue water to produce higher calories
(Meng et al., 2017; Zhong et al., 2017; Luo et al., 2018). However,
citrus had the highest BWF per unit of calorie production and

lower CP per unit area, so citrus planting cannot achieve the
purpose of saving blue water and providing high calories. Under
all crop production allocations, in terms of regions, Henan,
Anhui, Shandong, and Heilongjiang had larger adjustments of
the planting area, while Beijing, Hainan, and Tibet had smaller
adjustments. This was determined by their adjustable planting
area. Compared with the reference year, among the different crop
production allocations, Maize+ had significant blue water saving
(∼32%) with the BWFs for crop production in all provinces
reduced, and its CP increased by 4%. Under this solution, the
planting area of maize was increased by 127%, and the planting
areas of citrus, wheat, and rice were reduced by 84, 82, and 79%,
respectively. Among them, Henan had the largest adjustment
in the planting area of various crops, whose maize planting
area increased by 6, 346 thousand hectares, and wheat planting
area reduced by 3,970 thousand hectares. Although Maize +

had high blue water saving, it would be difficult to implement
this scheme. Because wheat and rice are staple crops in China,
the production of which would be reduced by 82 and 80%,
respectively. Additionally, Citrus—had a good performance in
reducing the BWF (∼16%) of crop production and increasing
CP (∼12%). Under such a solution, the planting area of maize
increased by 83%, and that of citrus decreased by 86%. Among
them, Henan still had the largest adjustment in planting area,
whose wheat planting area increased by 5,435 thousand hectares,
and maize planting area decreased by 3,284 thousand hectares.
Henan was the only province except Heilongjiang that increased
the wheat planting area, and the increase in maize planting area
was reflected in other provinces. This is because Henan has
advantages in wheat planting on account of the wheat grown in
Henan with a low BWF per unit of calorie production (∼103
m310−3 kcal−1) and the highest CP per unit area (∼20.6 kcal
ha−1). In this solution, national rice and wheat production was
reduced by 38 and 32%, respectively. Compared with other
solutions, there is a better ability to meet the production of
various crops and better effect of saving blue water and improving
CP in Citrus–, which is a more easily realizable crop production
allocation for the security and sustainability of food supplies.

When changing the crop production allocations in
China, Maize +, Citrus–, and Rice—effectively achieved
the optimization objectives of reducing the BWF of crop
production and increasing the CP. These results suggest that
the change in crop production allocations has significant effects
on the reduction of BWF and the increase in CP, and the
increase in maize production is the primary reason for the
realization of these two goals. Regarding reducing the BWF
of crop production, the role of maize is consistent with other
research results (Meng et al., 2017; Zhong et al., 2017; Luo et al.,
2018). In this study, soybean and wheat production decreased
and tomato production increased in Maize+ and Citrus–, which
is consistent with the results of Chouchane et al. (2020) (Table 2).
Moreover, Chouchane et al. (2020) pointed out that China has
comparative advantages in soybean and wheat planting, and has
a comparative disadvantage in tomato planting. In the study of
Davis et al. (2017), soybean production is also reduced in the
optimization, but the production changes of other crops are
not consistent with this paper. This is mainly due to the low
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TABLE 2 | Comparison of results of previous studies and this study.

Davis et al.

(2017)

Chouchane et al. (2020) This study

α = 1.1 α = 1.5 Maize+ Citrus- Rice-

Production Apple / +10% −12% +3% +2% −5%

Citrus / +10% +50% −86% −87% +1%

Groundnut +132% +10% +50% −2% +2% −9%

Maize −30% +10% −3% +118% +80% +9%

Potato / +4% +50% −35% −64% +1%

Rice 0% −1% +22% −80% −38% −13%

Soybean −21% −95% −100% −45% −72% +3%

Tomato / +10% +39% +101% +56% −2%

Wheat −3% +10% −41% −82% −32% +3%

BWF −4% +1% −14% −32% −16% −5%

CP −2% / / +4% +12% <1%

The table demonstrates the relative changes of each crop production, total BWF, and CP of nine crops in China from Davis et al. (2017), Chouchane et al. (2020), and this study. The

data in the table are calculated by comparisons with the corresponding reference years of each study (+ represents increase and – represents decrease). In the study of Chouchane

et al. (2020), α = 1.1 and 1.5 indicate that the harvest area of each crop can be expanded by 10 and 50%, respectively.

coincidence between the crops selected in their research and
this study, and the crop productions in their research do not
achieve the optimization objectives of reducing the BWF of crop
production and increasing the CP simultaneously. Additionally,
increasing maize production can effectively meet the growing
demand for feed crops and alleviate the resulting crisis of edible
crops (SCIOPRC State Council Information Office of the People’s
Republic of China, 2019).

This study has several limitations. First, in terms of economy,
the state pays more attention to food security, and farmers with
profit loss due to the adjustment of planting structure should
be given corresponding subsidies; while in downscaled regional
scale, the change of farmers’ income cannot be ignored. In
terms of society, Chinese current calorie supply has reached
the affluent level (3,000 kcal cap−1 day−1) (Yu, 2019). More
comprehensive consideration should be given to residents’
nutrient intake (protein, fat, nutrient trace elements, etc.) and
food diversity (meat, dairy products, etc.). However, due to
the lack of data on agricultural product cost-benefit, dietary
habits and nutrition intake data in provincial scale, these
factors are not considered in this paper. These factors must
be studied more comprehensively and carefully to ensure the
implementation of the results to smaller local scales. Second,
because that the NSGA-2 is only suitable for solving the problem
of 2 or 3 optimization objectives (Deb and Jain, 2014), in
the three objectives of this study, the optimization of water
resources only involves blue water, while the green water sensitive
to climate factors and water quality have not been involved.
This should be the focus of future research. Third, we only
consider adjusting the crop production allocations in mainland
China from the perspective of production, without considering
the impact of trade structure. However, these limitations do
not affect the conclusions of this study. The adjustment of

crop production allocations can alleviate the pressure on water
resources due to population growth and other factors, and
ensure the security and sustainable food supplies. For example,
China can appropriately increase the planting area of maize
and reduce the planting of citrus and other crops that consume
more blue water and produce fewer calories. Additionally,
reasonable irrigation water-saving technology (Sadler et al., 2005;
Greenwood et al., 2010; Duan et al., 2020) and more sustainable
food trade can also save water during food production. With
the acceleration of the construction of the Chinese modern
food circulation system (Chapagain et al., 2006; SCIOPRC State
Council Information Office of the People’s Republic of China,
2019), wise management of the flow of water resources embedded
in food trade will be more conducive to water-saving and the
alleviation of regional water pressure (Liu W. et al., 2018; Wu
et al., 2019).
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