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Abstract: From the perspective of water resources, revealing the potential of sustainable production
of crops, clarifying the obstacles, and taking effective measures in advance can not only provide
residents with long-term sufficient and nutritious food needs but also help to promote food security
and economic benefits. Previous studies on this aspect have mainly focused on food crops and
paid less attention to cash crops. This study takes Northwest China as the research area, which is a
typical arid and semi-arid region with the most prominent contradiction between water supply and
demand. We analyzed the changing characteristics of the available water resources, the production
water footprint, and the total water footprint over time from the perspective of water resources,
and systematically analyze the potential for sustainable development. The results showed that the
regional water resource consumption in 2000–2020 showed a significant upward trend (p < 0.01).
Similarly, the water resource load index also increased in this period, which increased by 164.3%.
Water resources pressure increased from level III to level I, and there is no further development
potential. At the same time, the proportion of available agricultural water resources was forcibly
reduced by 9.0%. Fortunately, the crop production water footprint showed a significant decreasing
trend (p < 0.01), with a decrease of 43.6%. Among them, grain and cash crops decreased by 45.4%
and 49.5% respectively. Although the production water footprint is reduced, regional production is
increasing to meet the increasing consumer demand. The crop water footprint showed a significant
increase (p < 0.01), increasing by 13.4%. The available water resources of crops in the region are
compressed, but the amount of water needed for crop production is increasing significantly, which
poses challenges to the sustainable production of crops. According to the research results, the detailed
recommended measures to promote sustainable regional crop production are put forward from the
perspective of increasing the amount of regional water resources available, improving the utilization
efficiency of blue and green water, and crop yield level, so as to better serve the global food security.

Keywords: water resources; sustainable production; cash crops; food security; Northwest China

1. Introduction

The sustainability of agricultural development is crucial to ensure global food security.
By 2050, global food production will need to increase by 70% to meet the food needs of
a global population of about 9.6 billion [1–3], making this one of the biggest challenges
facing the world today. According to the ‘World Food Security and Nutritional Status in
2017’ report [4], after a decade of steady decline, the incidence of world hunger seems to
have reappeared in 2016. It is estimated that the global population of the undernourished
has increased from 777 M (2015) to 815 M (2016), which represents 11% of the global
population [5]. Among them, Asia’s food shortage population is the largest. One of the
important reasons is the large population in Asia. According to FAO estimates, nearly
520 million people in Asia could not obtain enough food energy in 2016 [6]. Therefore, it is
urgent to take measures to increase crop yield and promote the sustainable development of
crop production.
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Water resources are the basic guarantee of food security. Agricultural water resource
management is the key to ensuring the efficient use of agricultural water resources, allevi-
ating the water crisis in agriculture, and promoting sustainable crop production [7,8]. In
total, 70% of the world’s freshwater resources are utilized for agricultural production [9].
However, the arid and semi-arid areas cover an area of 45.7 M km2, accounting for 34.9%
of the total land area [10]. Thus, nearly half of the world is in arid and semi-arid areas.
Furthermore, climate change increases the probability of the occurrence of natural disasters
such as droughts and floods [11]. Therefore, how to effectively improve water use efficiency
of crops in arid and semi-arid regions is the key to ensuring crop yield and global food
security [12]. It is necessary to systematically analyze the utilization of water resources
by crops in arid and semi-arid areas and then reveal the challenges faced by crop sustain-
able production from the perspective of water resources in order to better serve global
food security.

Since irrigation plays an extremely important role in crop production, a large number
of scholars have conducted extensive research on food security in view of water resources.
Developing countries tend to have relatively backward field production technology, and
the average yield of irrigated food crops tends to be 60% higher than that of rainfed farm-
land [13]. Therefore, food security measures mainly focus on improving water-saving
irrigation technologies, especially in arid and semi-arid areas where water resources are
relatively scarce. For example, the application of water-saving irrigation technologies such
as drip irrigation [14], microirrigation [15], sprinkler irrigation [16], pipe irrigation, thin and
wet irrigation [17], wetting-drying alternation irrigation [18], intermittent irrigation [17],
and controlled deficit irrigation [19] can improve the efficiency of water utilization of crops.
Moreover, under the condition of water-saving irrigation technology, combining [14,20]
with biochar can further improve the water utilization efficiency and relieve regional water
stress. Recently proposed intensive agriculture [21] and smart agriculture [22,23] aim to im-
prove water use efficiency and reduce the amount of water used for agricultural production.
Although numerous scholars have conducted much research on improving crop water use
efficiency, with the improvement of household living standards and urbanization, and the
high emphasis of the government on ecology, the demand for domestic water and ecological
water use has increased substantially, and most of these additional water resources come
from agricultural [24]. In addition, residents’ diets are also changing virtually. Residents’
consumption of food is gradually changing from raw food to animal products [24], and on
the premise of providing the same number of calories, animal products need more water re-
sources [25]. These factors also add to the pressure on regional food security. Therefore, the
assessment of agricultural water efficiency is indispensable while the global food security
situation remains grim. It is of great significance to systematically reveal the new challenges
brought by regional water resources to the sustainable development of crop production
and propose effective response measures to ensure global food security. Current research
on water resources and food security has focused on food crops, with less focus on cash
crops, which are important components of agriculture and together determine the healthy
development of agriculture. At present, the water resources allocation in most areas is
conducted in the agricultural sector, which leads to the competition mechanisms between
food and cash crops for agricultural water use. However, it is difficult to separate food and
cash crops to fully reveal the problems facing the sustainability of crop production from
the perspective of regional water resources.

In view of the scientific questions raised above, this paper selected Northwest China,
which is the most arid and important in ensuring national food security, using the water
footprint theory and water load index to quantify regional water resources quantity, the
production and crop water (blue water and green water) footprint of food (rice, wheat,
maize, soybeans, and potatoes) and cash crops (cotton, oil, vegetables, and fruits). On
the basis of the systematic analysis of regional agricultural water resources distribution
characteristics, the utilization characteristics and attributes of food and cash crops for water
resources, it reveals the challenges brought by regional agricultural water resources to the
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sustainable development of crop production and then puts forward targeted measures
to effectively relieve the pressure of regional water resources and promote the healthy
development of crops.

2. Materials and Methods
2.1. Overview of the Study Area

Northwest China (73◦40′–126◦04′ E, 31◦60′–53◦23′ N) covers Xinjiang Uygur Au-
tonomous Region, Qinghai Province, Gansu Province, Inner Mongolia Autonomous Re-
gion, Ningxia Hui Autonomous Region, Shaanxi Province, and Shanxi Province (Figure 1).
Its land resources are abundant, but water resources are very scarce. As the driest and
most fragile area in China [26], it has only 10% of China’s water resources [25]. A large
number of areas have average annual precipitation of less than 250 mm, but the potential
evaporation is above 1000 mm, and even reaches 2000 mm in some areas [25]. This is
a typical arid and semi-arid area [27], which means that the water resources utilized by
agriculture, ecosystems and economic development in the northwest region are all limited,
thus restricting the sustainable development of agriculture in the northwest region [28].

Figure 1. Survey of geography of Northwest China. Note: The data involved in this figure come from
the National Bureau of Statistics (http://www.stats.gov.cn/tjsj/, accessed on 6 August 2021).

2.2. Methods
2.2.1. Water Footprint of Crop Production

Crop production water footprint refers to the amount of water resources consumed
during crop production in a designated area [29,30], which is different from crop water
productivity. The water footprint of crop production can not only reflect the total amount of
water resources consumed during crop growth but also reflect the water consumption type
(blue water or green water) of crops [31]. Blue water refers to groundwater and surface
water resources, that is, water stored in freshwater lakes, rivers, and aquifers. Green
water refers to water derived from precipitation and consumed by crop evapotranspiration.
In order to better explore the amount of water demanded during crop production, the
calculation of the blue water footprint in this study represents the losses and return flows
involved in the delivery of irrigation water from the source to the farm in the model. This
is the main difference with the approach of Hoekstra et al. [32,33].

http://www.stats.gov.cn/tjsj/
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WFi
prod =

(BWFi + GWFi)

Gi
(1)

where WFi
prod represents the produced water footprint of grain or cash crops in province i

(m3/kg); BWFi and GWFi represent the blue-water and green-water footprints consumed
by grain or cash crops in province i during production (m3), respectively; Gi is the crop
production in region i (kg). The crops in this study mainly include grain crops (including
rice, wheat, maize, soybeans, and potatoes) and cash crops (including cotton, oil, vegetables,
and fruits).

GWFi =
n

∑
c=1

(Wc
g × Ac

G) (2)

where Wc
g and Ac

G represent the green-water consumption (m3) and sown area (ha) of crop
c during the reproductive period, respectively [34]. n represents the sum of the various
grain (rice, wheat, maize, soybeans, and potatoes) and cash (cotton, oils, vegetables, and
fruits) crop species involved in this study.

Wc
g = 10min(ETc

c , Pc
e ) (3)

where Pc
e and ETc

c represent the effective precipitation (mm) and actual evapotranspiration
(mm) of crop c throughout its growth, respectively. The 10 represents the conversion factor
for the process of converting water depth units (mm) to volume units (m3/ha).

ETC
c = Kc × ET0 (4)

where Kc represents the crop coefficient, which is determined by the crop characteristics
and the average evapotranspiration effect of the soil [32,35]. ET0 represents the reference
crop evapotranspiration (mm) [36].

ET0 =
0.408∆(Rn − G) + γ 900

T+273 u2(es − ea)

∆ + γ(1 + 0.34u2)
(5)

where ∆, G, Rn and γ represent the slope of the saturation water vapor-pressure versus
temperature curve (kPa·◦C−1), soil heat flux (MJ·m−2·day−1), reference crop canopy surface
net radiation (MJ·m−2·day−1), and wet-dry table coefficient (KPa·◦C−1), respectively. T
and u2 represent the average daily air temperature (◦C) and wind speed (m·s−1) at 2 m,
respectively. es and ea represent the saturation and actual water-vapor pressure (KPa),
respectively.

The average value of daily precipitation of each region and each station in the same
time period is used as the daily precipitation value of the province in that time period [24].
The USDA recommended method was used to calculate the effective precipitation for the
crop reproductive period [37].

Pc
e =

{
P(4.17− 0.2P)/4.17 P < 8.3 mm/d
4.17 + 0.1P P > 8.3 mm/d

(6)

where P stands for precipitation (mm).

BWFi =
n

∑
c=1

(Ic
G × Ac

G) (7)

where Ic
G is the irrigation water consumption of crop c per unit area (m3·ha−1) and Ac

G is
the sown area of crop c (ha).

IG
c = (WUA × RG

c)/Ac
G (8)
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where RG
c and WUA represent the proportion of irrigation water for crop c in the region to

the total irrigation water and the total irrigation water consumption (m3), respectively [38].

RG
c =

(ETc
c − Pec)× Ac

G
n
∑

c=1
[(ETcc − Pec)× Ac

G]
(9)

2.2.2. Water-Resource Load Index

The water-resources load index model takes into account both the natural and social
attributes of a specific regional water resource system and can effectively present the
realistic profile and development potential of regional water resource use [24].

C(t) = K(t)
√

P(t) · G(t)/W(t) (10)

where C(t), K(t), P(t), G(t) and W(t) denote the water-resources load index, precipitation
coefficient, population (104 people), GDP (CNY 100 M) and total water resources (100 M
cubic meters) of each province associated with time t, respectively; K(t) can be obtained
from the following equation:

K(t) =



1.0, R(t) ≤ 200 mm;
1.0− 0.1× R(t)−200

200 , 200 < R(t) ≤ 400 mm;
0.9− 0.2× R(t)−400

400 , 400 < R(t) ≤ 800 mm;
0.7− 0.2× R(t)−800

800 , 800 < R(t) ≤ 1600 mm;
0.5, R(t) > 1600

(11)

where R(t) represents the precipitation amount (mm) in each province closely related to
time t. The water-resources load index is divided into five levels, and the level division
principle is shown in Table 1.

Table 1. Water-resources load index level division [24,39].

Rank C Water-Resources
Utilization Degree

Water-Resources
Development Potential

I ≥10 Very high Barely
II [5, 10) High Smaller
III [2, 5) Medium Medium
IV [1, 2) Relatively low Relatively larger
V [0, 1) Low Great

2.3. Data Sources

The meteorological data involved in this study are from China Meteorological Data
Service Center (http://data.cma.cn accessed on 20 August 2021). The data on the total
amount of water resources, industrial water, agricultural water, ecological water, and
domestic water used in the provinces of Northwest China are from the Water Resources
Bulletin of China and its provinces from 2001 to 2021. The data of planting area, irrigation
water quantity, and yield of each grain and cash crop are from the Water Resources Bulletin
of China and each province from 2001 to 2021, Statistical Yearbook of China and each
province, China Rural Statistical Yearbook, China Environmental Yearbook, and China
Agricultural Yearbook. Population and GDP data are taken from the 2001–2021 Statistical
Yearbooks of the provinces.

3. Results
3.1. Potential Analysis of Agricultural Available Water Resources

With the increase in water consumption in Northwest China, water resources have
been at a high level of water resources pressure and have no development potential. From

http://data.cma.cn
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2000 to 2020, water resource consumption showed a significant upward trend (p < 0.01),
with an average annual increase of 0.5% (Figure 2). According to the changing charac-
teristics of regional water resource consumption over time, it can be divided into two
stages. In the first stage, water consumption increased significantly (p < 0.01). From 2000
to 2013, water consumption increased by 12.8%. In the second stage, the consumption
of water resources is relatively stable. From 2014 to 2020, the average annual decrease in
water consumption was 0.3%. The regional water resource load index is highly consistent
with the changing trend of water resource consumption. From 2000 to 2020, the regional
water-resource load index showed a significant increasing trend (p < 0.01), and the water
resource pressure increased from grade III to grade I. This indicates that water resources are
already at a high water pressure level and do not have development potential. Therefore,
it can be seen that the water resources in Northwest China are already at a high water
pressure level, and the amount of available water resources are being reduced on the basis
that the water resources do not have development potential.

Figure 2. Time-dependent trends of water resources consumption and water load index in Northwest
China.

3.2. Evolutionary Characteristics of Agricultural Available Water Resources

The proportion of agriculturally available water resources in Northwest China is
decreasing year by year, which threatens the sustainable development of crop production.
With the emphasis on ecology and rapid urbanization, regional ecological and domestic
water consumption increased significantly (p < 0.01) from 2004 to 2020, by 309.9% and
55.0%, respectively (Figure 3). On the basis of the regionally available water resources no
longer increasing or even decreasing, the available water resources of the agricultural sector
with the largest demand for water resources are largely occupied. From 2004 to 2020, the
available water resources for agriculture showed a significant decreasing trend (p < 0.01),
and their proportion decreased by 9.0%, with an average annual decrease of 0.6%. The
reduction of agricultural available water resources year by year will inevitably threaten
crop yields in arid and semi-arid areas and bring challenges to sustainable crop production
and food security.
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Figure 3. The characteristics of water consumption in various departments over time.

3.3. Demand Characteristics of Water Resources for Crop Production
3.3.1. Characteristics of Water Footprint of Crop Production

With the improvement of regional agricultural production technology, the water
footprint of crop production is decreasing year by year. From 2000 to 2020, the water
footprint of crop production in Northwest China showed a significantly decreasing trend
(p < 0.05), with a decrease of 43.6% and an annual decrease of 2.6% (Figure 4). Among them,
the blue water footprint of crop production is reduced by 50.3%. From the perspective of
water footprint structure, the regional production water footprint changed from blue water
dominated in 2000 (blue water is 1.2 times that of green water) to green water dominated
in 2020 (blue water is 0.9 times that of green water). Reducing the water footprint of
crop production can effectively reduce the demand for water resources in regional crop
production. To a certain extent, it can effectively alleviate the pressure on regional water
resources and promote the sustainable production of crops.

Figure 4. Evolution characteristics of crop water footprint over time.
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The water footprint of grain and cash crop production showed a decreasing trend
to varying degrees over time (Figure 5). The water footprint of grain crop production
decreased by 45.4% from 2000 to 2020, with an average annual decrease of 2.8%. During
this period, the production of blue water footprint and green water footprint decreased by
50.8% and 37.5%, respectively (Figure 5A). The water footprint of grain crop production
has always been dominated by blue water. From 2000 to 2020, the average annual blue
water footprint of grain crop production was 0.91 m3/kg, and the green water footprint
was 0.74 m3/kg. In 2000, blue water was 49.1% higher than green water, and this value was
reduced to 17.3% in 2020. From 2000 to 2020, the water footprint of cash crop production
decreased by 49.5%, with an average annual decrease of 3.8%. During this period, the
production of blue water and green water footprints decreased by 60.0% and 40.1%, re-
spectively (Figure 5B). The characteristics of blue water and green water in the production
water footprint of cash crops are the opposite to those of food crops. The water footprint of
cash crops has always been dominated by green water. The proportion of its production
of green water footprint in the total production water footprint has increased from 52.7%
in 2000 to 62.6% in 2020. From 2000 to 2020, the average annual blue water footprint of
economic crop production was 0.51 m3/kg, and the green water was 0.67 m3/kg. In 2000,
the production of blue water was 7.5% higher than that of green water, and this value
increased to 30.0% in 2020. By comparing the production water footprint of grain and cash
crops, it can be seen that the average annual production water footprint of grain crops is
41.0% higher than that of cash crops.

Figure 5. The evolution trend of the production water footprint of grains and cash crops over time.
Note: (A,B) show the variation trends of the production water footprint of grain crop and cash crop
over time, respectively.

3.3.2. Evolutionary Characteristics of Crop Water Footprint

With the improvement of the position of Northwest China in ensuring China’s food
security, its requirements for crop yield are increasing year by year, and the water footprint
of crops is also increasing, which puts forward higher requirements for water resources
that can be used for agricultural production. From 2000 to 2020, the regional crop water
footprint showed a significant increasing trend (p < 0.01). On the basis of a 135.9% increase
in crop yield, the crop water footprint increased by 13.4% (Figure 6). The reason for the
much smaller increase in crop water footprint than in yield is the increase in crop water use
efficiency (Figure 4). The reduction of the water footprint of crop production alleviates the
demand for water resources for crop production to a certain extent. However, the reduction
in the water footprint of crop production is still lower than the increase in demand for crop
products to ensure regional food security. The composition of the crop water footprint
changed from blue water in 2000 (56.8% of blue water) to green water in 2020 (51.0%
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of green water). The increase in the proportion of green water footprint helps alleviate
regional water resource pressure to some extent. The substantial increase in crop yields
in the region is a necessary way to ensure food security, but it poses a higher challenge to
ensuring the water resources required for sustainable crop production.

Figure 6. Evolution of crop water footprint over time in Northwest China from 2000 to 2020. Note:
The left axis represents the crop water footprint, which corresponds to the bar graph. The red and
green columns in the bar chart represent the decrease or increase, respectively, in the crop water
footprint in that year compared to the previous year. The right axis represents the blue and green
water footprint as a proportion of the total water footprint, which corresponds to the area plot.

In terms of crop types, the water footprints of both grain and cash crops tend to
increase over time. On the basis of the improvement of agricultural production technology,
the production water footprint of grain and cash crops is decreasing, which reduces the
number of water resources required for the production of grain and cash crops (Figure 7).
The region’s grain water footprint increased by 4.8% from 2000 to 2020 (Figure 7A). The
production of regional grain crops mainly depends on blue water, and the average annual
blue water footprint of grain accounts for 55.1%. With the advancement of water-saving
irrigation technology, the proportion of regional grain blue water footprint has decreased
from 59.9% in 2000 to 54.0% in 2020. The water footprint of regional cash crops increased
by 40.0% from 2000 to 2020 (Figure 7B). The production of cash crops mainly depends on
green water, and the average annual green water footprint accounts for 60.2%. Its green
water footprint has increased from 52.7% in 2000 to 62.7% in 2020. The high dependence of
cash crops on the green water footprint relieves the pressure on regional water resources to
a certain extent and provides more available water resources for the sustainable production
of grain crops. In terms of structure, the water footprint of food crops is much larger than
that of cash crops, and the multi-year average of the former is 2.7 times that of the latter.
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Figure 7. Composition of water footprint of grain and cash crops and its variation with time.

4. Discussion

Now, as Brazil and the United States encounter historical extreme weather (heat
waves), heavy rains occur in Germany, the Netherlands, Belgium, China, and other places,
triggering a series of natural disasters such as floods. In addition, a series of factors, such
as the global pandemic of COVID-19, have led to the reduction of global food production
and supply, which has led to a record high food inflation rate and posed a threat to
global food security in the future [40]. Therefore, countries/regions must seek effective
countermeasures to better serve global food security under the premise of ensuring food
security in the region.

In developing countries in Asia, food security and agricultural sustainability have
attracted great attention due to factors such as population growth and technological con-
straints, shortage of water resources in the western and southern regions, and inappropriate
topography [41]. The analysis of the factors affecting the sustainable development of agri-
culture shows that water resources are the key to the sustainable production of crops [42].
Water shortage has become the main factor restricting social progress and economic devel-
opment in arid and semi-arid regions, and it is also the main reason for the continuous
deterioration of the ecological environment. In Northwest China, there has been an old
saying that there is no agriculture without irrigation [25]. Nowadays, with the rapid eco-
nomic growth, the acceleration of industrialization and urbanization, the improvement
of people’s living standards, and the adjustment of dietary structure, water resources are
gradually tilted toward urban and industrial construction, and the share of agricultural
water consumption continues to decrease [43]. In addition, according to the implementation
of the Belt and Road Initiative and the Western Development Strategy proposed by the
Chinese government, the contradiction of water shortage will be more prominent with
accelerated economic development, increased emphasis on the ecological environment,
and population growth. Therefore, maintaining the efficient and sustainable utilization
of water resources in Northwest China will be a strategic issue that must be solved in the
process of ensuring food security and sustainable crop production.

Combined with the research results, the factors affecting the sustainable development
of crops in Northwest China are mainly in the following two aspects: Reduced availability
of water resources for agriculture and increased demand for water resources for crop
production. Therefore, the following measures must be taken to increase the number of
water resources available for agriculture:

(1) Improve the level of desalination technology, increase desalination efforts, and
increase the number of freshwater resources available [44–48]. In addition, seawater can
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also be used directly to replace freshwater in related industries, thereby releasing more
freshwater resources. For example, some developed countries directly use seawater instead
of fresh water in thermal power generation, nuclear power, metallurgy, and petrochemical
industries such as desulfurization, oil reinjection, ice making, printing, and dyeing, as
well as toilet flushing, washing, and fire fighting in daily life. Some scholars have shown
that seawater in hydrothermal fluidization of biomass for biocrude production has great
potential for development [49].

(2) Increased availability of water resources in water-deficient areas through inter-
basin water transfer (IBTs). The objective reality of uneven distribution of water resources
and unbalanced demand for water in human society makes IBTs inevitable [50]. The IBTs
aim to alleviate regional water pressure by shifting surface water from ‘water-rich’ areas to
areas with high water pressure [51] and may reduce the adverse effects of unsustainable
local water use, such as groundwater overexploitation [52]. About 1.2% of the world’s
annual renewable water resources are obtained by IBTs [53]. China’s South-to-North Water
Diversion Project and Australia’s Snow Mountain Project are the reality of IBTs [54].

(3) Strengthen the reuse and recycling of industrial and domestic water to achieve the
purpose of increasing the number of available water resources. It can be seen from Figure 3
that the available water resources in the regional agricultural sector are crowded out by
the living, industrial, and ecological sectors. Therefore, the reuse of water resources in the
domestic, industrial, and ecological sectors should be strengthened to indirectly reduce
the number of water resources used for their development, thereby releasing more water
resources for agricultural production [55,56].

(4) Intensify publicity on the importance of water saving and water-saving technical
training for residents and enterprises. Implement a “multiple uses of one water” model
for domestic water and promote water-saving appliances (such as the use of low-pressure
water pipes and showerheads, high-power washing machines, rainwater tanks, etc., and the
installation of dual drainage systems, and the installation of rainwater collection systems
in the house and other measures.) [57–59], reduce the use of detergents and cleaning
agents, etc., and cultivate water-saving awareness. In addition, the government should
force residents to quickly improve domestic water efficiency by either controlling the
domestic water consumption of each household or raising water prices to reduce waste [60].
The same goes for the industry. This strategy can contribute to the change in water use
habits [57].

(5) Strengthen the purification of domestic and industrial wastewater to increase
the number of available water resources [61]. The integrated industry-urban water reuse
concept should be strengthened to provide strategies for reducing sewage and increasing
the amount of water available by combining industrial and urban wastewater flows and
connecting grey and green infrastructure [62]. With proper industrial wastewater treatment,
wastewater can have further uses [63,64]. For example, it is used for infrastructure (such as
irrigation of urban green spaces, etc.). The demand for water in the municipal, domestic, or
industrial sectors has decreased, and the amount of water used for agricultural production
will likely increase. The above measures are expected to increase the amount of water
resources available to agriculture and better promote the sustainable development of crop
production.

On the basis of increasing the amount of water available for agriculture, another key
to promoting sustainable crop production is reducing the amount of water required for
crop production. According to Figures 4 and 6 and the sensitivity analysis of main factors
on regional crop water footprint (the Monte Carlo method is used to analyze sensitivity;
Figure 8), the key point to reducing crop water footprint is to improve water use efficiency
and yield level, especially for grain crops.
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Figure 8. Sensitivity analysis of regional crop water footprint.

(A) The following are suggested measures to improve water use efficiency: (1) Improve
agricultural infrastructure and equipment conditions. Increase the construction of farmland
water conservancy infrastructure [65], speed up the progress of the water-saving renovation
of irrigation areas, increase the effective irrigation area of farmland, vigorously promote the
transformation of channel water delivery to pipeline water delivery, and the transformation
of ground irrigation to drip irrigation and sprinkler irrigation, and vigorously promote film
water and fertilizer integration technologies such as drip irrigation and ridge-film furrow
irrigation [24,25] guide the main water users to change extensive irrigation methods such as
flood irrigation. (2) Optimize crop planting structure. According to the spatial differences in
the utilization efficiency of water resources by crops in each unit of the region, the regional
planting structure should be adjusted in time [24]. Maximize water saving potential from
the perspective of crop physiology. (3) Strengthen the independent innovation ability of
agricultural science and technology and the transformation and application ability of new
agricultural varieties and new technologies, cultivate crop varieties with drought resistance
and water saving, and exert the potential of biological water saving [66]. (4) Improve
efficient rainwater collection and utilization technology, cultivate soil reservoirs, and reduce
non-productive water consumption [67]. Using the mutual transformation law of surface
water and groundwater, wells and canals are combined to supplement each other. Make full
use of the residual water and atmospheric precipitation in the high-water period of the river
and establish underground reservoirs for the persistence of seepage. Vigorously promote
field micro-rain harvesting planting technology (combined planting technology of terraced
fields+ water cellar+ drought-resistant crops, etc.), mechanized deep soil preparation, drip
irrigation under the film, and other technologies to improve the utilization efficiency of
green water by crops [25,68].

(B) Suggested measures to improve crop yield levels: (1) Improve the coverage of
high-quality and high-yield varieties. Vigorously promote high-yielding crop varieties with
good resistance [66], high yield [69], and strong adaptability [70]. Using technologies such
as hybrid breeding [71], haploid breeding [72], polyploid breeding [73], cell engineering
breeding [74], mutation breeding [75], and genetic engineering breeding [76], crops can
be greatly improved in quality and increase crop yield. In addition, each region should
select high-yielding varieties suitable for different regions, crops, and cultivation modes
based on factors such as soil quality and climate resources [77–79]. (2) Promote high-yield
technologies. Increase the promotion and application of high-yield planting models such
as intercropping [80,81], intercropping [82,83], and crop rotation [84,85]. (3) Reasonably
increase carbon dioxide concentration and improve light conditions. Carbon dioxide is the
raw material for photosynthesis, but the carbon dioxide concentration in the atmosphere is
only 0.03%, while under normal light, the carbon dioxide concentration required by crops
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is 0.09%. Therefore, a reasonable increase in carbon dioxide concentration can promote the
photosynthesis of crops, thereby increasing the production of organic matter and improving
crop yields [86,87]. Therefore, farmers can be encouraged and financially supported to use
greenhouses to manage the carbon dioxide and light required by crops in their growing
seasons. Reasonably extending the light time, increasing the crop light area, and controlling
the light intensity can effectively promote the photosynthesis of crops, thereby increasing
crop yield [88], especially for cash crops. (4) Reasonably increase the planting density.
Crop production in most developing countries is affected by factors such as labor quality,
planting habits, and arable land conditions, and the planting density is generally low,
which greatly affects grain output. Therefore, it is necessary to reasonably increase the
planting density and increase the yield according to different regions, different varieties,
and different farming methods [89]. After the planting density is increased, the manage-
ment of water and fertilizer, field weeding, and pest control should be simultaneously
improved to ensure a high and stable grain yield [90]. (5) Strengthen the early warning and
prediction of meteorological disasters. Give full play to the role of the agrometeorological
information joint early warning mechanism, release agrometeorological forecast and early
warning information in a timely manner [91], and vigorously publicize and popularize
natural disaster prevention and mitigation technologies for food crops. Minimize the
damage caused by meteorological disasters to crop yields. (6) Strengthen the monitoring
and control of pests and diseases. Establish normalized early warning and monitoring, and
adopt ecological regulation, seed treatment, physical trapping, scientific drug use, etc., to
improve the level of prevention and control of food crop diseases and insect pests [92,93].
(7) Vigorously promote scientific fertilization technology. According to the regional soil,
climate, crops, and other conditions, efforts should be made to promote the scientific fer-
tilization technology of main crops. Based on soil tests and fertilizer field experiments,
according to the law of crop fertilizer demand, soil fertilizer supply performance, and
fertilizer effect, on the basis of rational application of organic fertilizers [94], fertilizers such
as nitrogen, phosphorus, potassium, and medium and trace elements should be reasonably
supplemented (involving the variety, quantity, period, and method of fertilizer applica-
tion), encourage the application of organic fertilizers and new slow-release fertilizers, and
advocate the return of straw to the field [94]. This helps to increase the yield by improving
the fertilizer utilization efficiency of crops while the Chinese government requires reducing
the amount of chemical fertilizer application [95].

5. Conclusions

From the perspective of water resources, we will explore the potential and challenges
of sustainable crop production in arid and semi-arid areas and propose effective counter-
measures. This is not only essential to ensure food security and sustainable crop production
in the region, but also to promote global food security. The main conclusions are as follows:

From 2000 to 2020, the number of available water resources in Northwest China was
positively correlated with the water resource load index (water-resources load level is grade
I), which indicated that the increase in the number of available water resources in the region
was the result of over-exploitation of water resources. Today it is at a high water stress
level and has no development potential. At the same time, due to the rapid development of
urbanization and the government’s high emphasis on ecology, regional agricultural water
consumption has been greatly compressed. This is a catastrophic consequence for arid
and semi-arid regions where agricultural production is mainly maintained by irrigation,
seriously threatening the sustainable development of regional crop production. Fortunately,
the development of production technology has improved the water use efficiency of crops
and reduced the amount of water required for crop production. This in turn promotes the
sustainable development of crop production to a certain extent. However, this positive
effect is far from enough on the basis of the increased food production required to ensure
food security. In order to achieve food security, the region must increase crop yields, which
in turn increases the amount of water demand for crop production, and the growth trend
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is far greater than the reduction in the water footprint of crop production. This is an
unsustainable performance. This must arouse great attention from everyone and take
effective countermeasures in advance. We put forward detailed suggestions and measures
to promote the sustainable production of regional crops from the two aspects of “open
source” (increasing the number of available water resources in the region) and “throttling”
(reducing the demand for water resources in crop production).
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79. Dedeoğlu, M.; Dengiz, O. Generating of land suitability index for wheat with hybrid system aproach using AHP and GIS. Comput.
Electron. Agric. 2019, 167, 105062. [CrossRef]

80. Raza, M.A.; Cui, L.; Khan, I.; Din, A.M.U.; Chen, G.; Ansar, M.; Ahmed, M.; Ahmad, S.; Manaf, A.; Titriku, J.K. Compact maize
canopy improves radiation use efficiency and grain yield of maize/soybean relay intercropping system. Environ. Sci. Pollut. Res.
2021, 28, 41135–41148. [CrossRef]

81. Weih, M.; Karley, A.J.; Newton, A.C.; Kiær, L.P.; Scherber, C.; Rubiales, D.; Adam, E.; Ajal, J.; Brandmeier, J.; Pappagallo, S. Grain
yield stability of cereal-legume intercrops is greater than sole crops in more productive conditions. Agriculture 2021, 11, 255.
[CrossRef]

82. Wu, Y.; Gong, W.; Yang, F.; Wang, X.; Yong, T.; Liu, J.; Pu, T.; Yan, Y.; Yang, W. Dynamic of recovery growth of intercropped
soybean after maize harvest in maize–soybean relay strip intercropping system. Food Energy Secur. 2022, 11, e350. [CrossRef]

83. Chen, P.; Song, C.; Liu, X.-M.; Zhou, L.; Yang, H.; Zhang, X.; Zhou, Y.; Du, Q.; Pang, T.; Fu, Z.-D. Yield advantage and nitrogen
fate in an additive maize-soybean relay intercropping system. Sci. Total Environ. 2019, 657, 987–999. [CrossRef]

84. Fang, Y.; Ren, T.; Zhang, S.; Liu, Y.; Liao, S.; Li, X.; Cong, R.; Lu, J. Rotation with oilseed rape as the winter crop enhances rice
yield and improves soil indigenous nutrient supply. Soil Tillage Res. 2021, 212, 105065. [CrossRef]

85. Song, X.; Huang, L.; Li, Y.; Zhao, C.; Tao, B.; Zhang, W. Characteristics of Soil Fungal Communities in Soybean Rotations. Front.
Plant Sci. 2022, 13, 926731. [CrossRef] [PubMed]

86. Abd Rahaman, M.S.; Cheng, L.-H.; Xu, X.-H.; Zhang, L.; Chen, H.-L. A review of carbon dioxide capture and utilization by
membrane integrated microalgal cultivation processes. Renew. Sustain. Energy Rev. 2011, 15, 4002–4012. [CrossRef]

87. Verhage, L. Model behavior: Finding out how to increase photosynthesis in C4 crops. Plant J. 2021, 107, 341–342. [CrossRef]
88. Li, Y.; Ding, Y.; Li, D.; Miao, Z. Automatic carbon dioxide enrichment strategies in the greenhouse: A review. Biosyst. Eng. 2018,

171, 101–119. [CrossRef]
89. Yu, X.; Zhang, Q.; Gao, J.; Wang, Z.; Borjigin, Q.; Hu, S.; Zhang, B.; Ma, D. Planting density tolerance of high-yielding maize and

the mechanisms underlying yield improvement with subsoiling and increased planting density. Agronomy 2019, 9, 370. [CrossRef]
90. Dembele, J.S.B.; Gano, B.; Kouressy, M.; Dembele, L.L.; Doumbia, M.; Ganyo, K.K.; Sanogo, S.; Togola, A.; Traore, K.; Vaksman, M.

Plant density and nitrogen fertilization optimization on sorghum grain yield in Mali. Agron. J. 2021, 113, 4705–4720. [CrossRef]
91. Bei, G.; Zhang, S.; Guo, Y.; Yanli, L.; Hu, N.; Liu, J. Study on Meteorological Disaster Monitoring of Field Fruit Industry by Remote

Sensing Data. Adv. Meteorol. 2022, 2022, 1659053. [CrossRef]
92. Abraha, T.; Basir, F.A.; Obsu, L.L.; Torres, D.F. Farming awareness based optimum interventions for crop pest control. arXiv 2021,

arXiv:2106.08192. [CrossRef]
93. Muneret, L.; Mitchell, M.; Seufert, V.; Aviron, S.; Djoudi, E.A.; Pétillon, J.; Plantegenest, M.; Thiéry, D.; Rusch, A. Evidence that

organic farming promotes pest control. Nat. Sustain. 2018, 1, 361–368. [CrossRef]
94. Widiastuti, D.; Marzuki, S.; Hatta, M. Utilization of Organic Fertilizer in Response to Mitigate CO2 Emission; IOP Conference Series:

Earth and Environmental Science; IOP Publishing Ltd.: Bristol, UK, 2021; Volume 648, p. 012120.
95. Liu, X.; Shi, L.; Qian, H.; Sun, S.; Wu, P.; Zhao, X.; Engel, B.A.; Wang, Y. New problems of food security in northwest china: A

sustainability perspective. Land Degrad. Dev. 2020, 31, 975–989. [CrossRef]

http://doi.org/10.1007/s00122-022-04072-5
http://www.ncbi.nlm.nih.gov/pubmed/35294575
http://doi.org/10.1016/j.compag.2019.105062
http://doi.org/10.1007/s11356-021-13541-1
http://doi.org/10.3390/agriculture11030255
http://doi.org/10.1002/fes3.350
http://doi.org/10.1016/j.scitotenv.2018.11.376
http://doi.org/10.1016/j.still.2021.105065
http://doi.org/10.3389/fpls.2022.926731
http://www.ncbi.nlm.nih.gov/pubmed/35812925
http://doi.org/10.1016/j.rser.2011.07.031
http://doi.org/10.1111/tpj.15408
http://doi.org/10.1016/j.biosystemseng.2018.04.018
http://doi.org/10.3390/agronomy9070370
http://doi.org/10.1002/agj2.20850
http://doi.org/10.1155/2022/1659053
http://doi.org/10.3934/mbe.2021272
http://doi.org/10.1038/s41893-018-0102-4
http://doi.org/10.1002/ldr.3498

	Introduction 
	Materials and Methods 
	Overview of the Study Area 
	Methods 
	Water Footprint of Crop Production 
	Water-Resource Load Index 

	Data Sources 

	Results 
	Potential Analysis of Agricultural Available Water Resources 
	Evolutionary Characteristics of Agricultural Available Water Resources 
	Demand Characteristics of Water Resources for Crop Production 
	Characteristics of Water Footprint of Crop Production 
	Evolutionary Characteristics of Crop Water Footprint 


	Discussion 
	Conclusions 
	References

