
Citation: Liu, X.; Xu, Y.; Sun, S.; Zhao,

X.; Wang, Y. Analysis of the Coupling

Characteristics of Water Resources

and Food Security: The Case of

Northwest China. Agriculture 2022,

12, 1114. https://doi.org/10.3390/

agriculture12081114

Academic Editors:

Jolanta Kwiatkowska-Malina and

Grzegorz Malina

Received: 18 June 2022

Accepted: 27 July 2022

Published: 28 July 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

agriculture

Article

Analysis of the Coupling Characteristics of Water Resources
and Food Security: The Case of Northwest China
Xian Liu 1,2,3, Yueyue Xu 4, Shikun Sun 2,3, Xining Zhao 2,3 and Yubao Wang 2,3,5,*

1 College of Geography Sciences, Shanxi Normal University, Taiyuan 030031, China; liuxian@sxnu.edu.cn
2 Key Laboratory of Agricultural Soil and Water Engineering in Arid and Semiarid Areas, Ministry of

Education, Northwest A&F University, Yangling 712100, China; sksun@nwafu.edu.cn (S.S.);
zxn@nwafu.edu.cn (X.Z.)

3 Institute of Water Saving Agriculture in Arid Regions of China, Northwest A&F University, Yangling 712100,
China

4 Shanxi Institute of Organic Dryland Farming, Shanxi Agricultural University, Taiyuan 030031, China;
xuyueyue@sxau.edu.cn

5 Department of Agricultural and Biological Engineering, Purdue University, West Lafayette, IN 47907, USA
* Correspondence: wangyb@nwafu.edu.cn

Abstract: Exploring the coupling characteristics of regional water resources and food security helps
to promote the sustainable development of grain production and is of great significance for achieving
global food security. From the aspects of regional “water supply”, “water use” and “water demand”,
the coupling characteristics of water resources and food security were systematically revealed; the new
challenges faced by regional food security from the perspective of water resources were clarified; and
effective ways to promote the utilization of regional water resources and the sustainable development
of grain production were explored. This paper took Northwest China, which is the most arid region,
where water-resource utilization and food security are in contradiction, as the research area. The
water-resource load index, the water footprint of grain production and the water-consumption
footprint were used to quantify the regional water-resource pressure index, as well as the residential
grain-consumption types, population urbanization, the industrial-grain-processing industry and their
corresponding water-consumption footprints from 2000 to 2020. The coupling characteristics of water
resources and food security were systematically revealed. The results showed the following: (1) In
2000–2020, the water-resource load index increased from 4.0 to 10.7, and the load level increased from
III to I. At the same time, agricultural water resources were largely allocated elsewhere. (2) During the
period, the food rations showed a significant decreasing trend, and the average annual reduction was
3.4% (p < 0.01). The water footprint of animal products increased, particularly for beef and poultry
(the average annual growth rates were 9.9% and 6.3%, respectively). In addition, the water footprint
of industrial food consumption increased by 297.1%. (3) With the improvement of the urbanization
level, the water-consumption footprint increased by 85.9%. It is expected that the water footprint of
grain consumption will increase by 39.4% and 52.3% by 2030 and 2040, respectively. Exploring how to
take effective measures to reduce the water footprint to meet food-security needs is imperative. This
study proposed measures to improve the utilization efficiency of blue and green water and reduce
gray water and the grain-consumption water footprint from the aspects of regional planting-structure
optimization potential, water-saving irrigation technology, dietary-structure transformation and
virtual water trade; these measures could better relieve the water-resource pressure and promote the
sustainable development of grain production and water-resource utilization.

Keywords: water resources; food security; water footprint; dietary structure; urbanization

1. Introduction

Food security is an important basis for national security. Ensuring food security can not
only contribute to social stability but also contribute to sustainable economic development.
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As the world’s most populous country, China gives a large contribution to both global grain-
production and grain-consumption demand [1]. Whether China achieves food security
is of great significance to global food security. China’s food security has always been an
important concern for government policy makers [2]. For a long time, China has carried out
agricultural production by increasing the high resource inputs of water resources, chemical
fertilizers and pesticides. China’s per capita grain output has increased from 209.0 kg in
1949 to 483.48 kg in 2020, reaching the food-security standard of 483.48 kg stipulated by the
FAO (Food and Agriculture Organization of the United Nations) [3]. However, this food
security achieved at the cost of a high resource input is unsustainable, and the deep-seated
problems caused have seriously affected the sustainable development of grain production
and high-quality economic and social development.

The sustainable utilization of water resources, as a key factor in grain production, is
the basic premise for realizing regional food security and the sustainable development of
grain production. Although China is rich in total water resources, due to China’s huge
population base, China’s per capita water resources are only a quarter of the global average,
ranking among the 13 water-poor countries [4]. In the context of climate change, the
increasingly significant spatial and temporal differences in water resources and the high
water consumption of agricultural activities further aggravate the contradiction between the
supply of and demand for regional water resources [5]. With the increase in the economic
differences between the north and south of China and the improvement of the urbanization
level, the cultivated-land area in the water-rich southern region is decreasing [6], and
the distribution of cultivated-land resources in China is shifting from the south to the
north. This further aggravates the contradiction between the supply of and demand for
water resources in North China [1] and threatens China’s food security [1,7]. Especially
in Northwest China, as an arid and semi-arid region, the sustainability of water-resource
utilization is an important factor to ensure food security. Therefore, it is an important
way to ensure food security to put forward effective suggestions to promote the efficient
utilization of regional water resources and the sustainable development of food security.

Research on the coupling characteristics of water resources and food security has
always attracted the attention of many scholars. Some of these scholars have focused on
the coupled characteristics of water resources and grain production under water-saving-
irrigation-technology conditions, such as drip irrigation [8,9], sprinkler use [10], microirri-
gation [11], alternating irrigation [12–14], loss-adjustment irrigation [9,13,15,16] and coating
irrigation [17,18]. The main purpose has been exploring how to adjust the water supply
during the crop growth period and reduce the water demand on the basis of ensuring
crop production. The promotion of these water-saving technologies would help to reduce
the amount of water-resource demand used for grain production from the perspective
of crop water use [19]. At the same time, vigorously developing dry farming agriculture
using precision agriculture and rainwater-intelligent agricultural technology [20] could
effectively improve the efficiency of the crop utilization of precipitation and thus reduce the
demand for irrigation water to achieve the purpose of alleviating regional water-resource
pressure. This could effectively improve the precipitation utilization efficiency of crops,
thus reducing the demand for irrigation water and achieving the purpose of relieving
the pressure on regional water resources. In addition, some scholars have focused on
the coupling characteristics of grain demand and water resources. For example, climate
change, population growth and dietary-structure changes lead to the need to increase grain
supply and water resources to meet regional food security [21–26]. In conclusion, current
research on the coupling characteristics of water resources and food security has mainly
focused on the single aspect of “water use” or “water demand”. However, the principle of
regional water-resource allocation is often closely related to water-resource endowment,
and the differences in water-resource allocation in different departments directly determine
the amount of available water resources for grain production in this region. From the
perspective of grain consumption, the transformation of the dietary structure, the rapid
development of urbanization and the increase in industrial products all have a significant
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impact on regional food security and water-resource demand. It can be seen that regional
water-resource endowment, its allocation and grain-consumption demand are interlinked.
Therefore, in order to explore the coupling characteristics of regional water resources and
food security, it is necessary to carry out systematic coupling evaluations from the aspects
of natural attributes, water-resource allocation and grain consumption. Obviously, there is
still insufficient research on these aspects.

In order to solve the above scientific problems, this paper takes Northwest China,
which is the most arid region, where water-resource utilization and food security are in
contradiction, as the research area. From the aspects of regional “water supply”, “water
use” and “water demand”, the coupling characteristics of water resources and food security
are systematically revealed; the new challenges faced by regional food security from the
perspective of water resources are clarified; and effective ways to promote regional water-
resource utilization and the sustainable development of grain production are explored.
The water-resource load index, the water footprint of grain production and the water-
consumption footprint are used to quantify the regional water-resource pressure index,
as well as the residential grain-consumption types, population urbanization, industrial-
grain-processing industry and their corresponding water-consumption footprints from
2000 to 2020. On the basis of analyzing the spatial- and temporal-distribution character-
istics of regional water resources, water-resource pressure index and water-use-structure
characteristics, this paper discusses the influence of factors such as the rapid development
of urbanization, which has led to a large transfer of rural population to cities, and the
improvement of resident income level, which has led to the change in the dietary structure
and the increase in industrial grain use, on the quantitative nature of the demand for
the grain-consumption water footprint. Our findings could provide important enlighten-
ment for addressing regional-water-shortage and food-security issues and have important
implications for ensuring food security in China and the world.

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

Northwest China (73◦40’–126◦04’ E, 31◦60’–53◦23’ N) includes Shaanxi Province,
Gansu Province, Ningxia Hui Autonomous Region, Qinghai Province, Shanxi Province,
Xinjiang Uygur Autonomous Region and Inner Mongolia Autonomous Region (Figure 1).
It belongs to arid, semi-arid and ecologically fragile areas [7]. The region has a range of
altitudes from 460 to 3600 m above sea level and is rich in land resources (about 14.8% of
the country, including basins, plateaus, mountains and plains) [27], but the water resources
are extremely lacking. In 2020, Northwest China’s total water resources accounted for
only 10.3% of China’s [28]. Its rainfall and evapotranspiration show the characteristics of
“east more than west less” and “west more than east less”, respectively, and their multi-
year averages are 442 mm and 1014 mm, respectively [29]. Although the region lacks
water resources, the land resources are plentiful, and sunshine is sufficient, with abundant
solar-energy resources suitable for the development of agriculture.

2.2. Data Sources

The data involved in this study mainly include meteorological data, agricultural
data, population data, consumption data and industrial-food-processing data relative to
Northwest China from 2000 to 2020. The meteorological data are from China Meteorological
Data Service Center (http://data.cma.cn accessed on: 18 June 2021) [29]. The agricultural
data mainly include grain production, planting area, irrigation area, irrigation water
consumption, total water resources, agricultural water consumption, industrial water
consumption, ecological water consumption, domestic water consumption, etc. These
data are from China Water Resources Bulletin, Water Resources Bulletin for Northwest China
Provinces, China Statistical Yearbook, China Statistical Yearbook for Northwest China Provinces,
China Rural Statistical Yearbook, China Environmental Statistical Yearbook and China Agricultural
Statistical Yearbook for the years 2001–2021. The population data, which mainly include

http://data.cma.cn
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urban and rural populations, come from Statistical Yearbooks of Provinces in Northwest China
from 2001 to 2021. The consumption data mainly include the consumption quantities of
food rations, beef, pork, chicken, eggs, dairy and aquatic products and are mainly from
Statistical Yearbook of Provinces in China and Statistical Yearbook of China’s Rural Areas for
the period of 2001–2021. The industrial-grain-processing data mainly include liquor, beer,
alcohol and non-staple food. The data mainly come from Statistical Yearbooks of Provinces in
Northwest China.
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2.3. Methods
2.3.1. Water-Resource Load Index

The water-resource load index expresses the relationship among water resources,
population and economic development in a certain region and can reflect the spatial and
temporal distribution, utilization degree and development potential of regional water
resources [30,31]. Since the model fully considers the dual attributes of nature and society
of water-resource systems, it can scientifically characterize the actual situation of regional
water-resource utilization.

C(t) = K(t)
√

P(t) · G(t)/W(t) (1)

where C(t) is the load index of water resources of the region in period t; P(t) is the population
size (ten thousand people) of the region in period t; G(t) is the gross domestic product (CNY
100 million) of the region in period t; W(t) represents the total water resources (100 million
cubic meters) of the region in period t; and K(t) is the coefficient related to the precipitation
in the region in period t, which can be expressed by the formula below [30].

K(t) =



1.0, R(t) ≤ 200mm;

1.0− 0.1× R(t)−200
200 , 200 < R(t) ≤ 400mm;

0.9− 0.2× R(t)−400
400 , 400 < R(t) ≤ 800mm;

0.7− 0.2× R(t)−800
800 , 800 < R(t) ≤ 1600mm;

0.5, R(t) > 1600

(2)

where R(t) is the precipitation in the region (mm) during period t.
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In order to intuitively reflect the spatial- and temporal-distribution characteristics and
the development and utilization of regional water resources, the water-resource load index
can be divided into five grades, as shown in Table 1.

Table 1. Classification and evaluation criteria of water-resource load index [30,31].

Rank C Water-Resource Utilization Degree Water-Resource Development Potential

I ≥10 Very high Bare
II [5, 10) High Small
III [2, 5) Medium Medium
IV [1, 2) Relatively low Relatively large
V [0, 1) Low Great

2.3.2. Water Footprint of Grain Production

Where WFi
prod is the water footprint of grain production in region i, m3/kg; BWFi

is the blue-water footprint (i.e., irrigation water consumption) of grain production in
region I (m3); GWFi is the green-water footprint (i.e., precipitation consumption) of grain
production in region i (m3); G

′
WFi is the gray-water footprint (i.e., the amount of water

required to dilute pollutants in the agricultural production process) of the grain production
process in region i (m3); and Gi is the grain production in region i (kg).

WFi
prod =

(BWFi + GWFi + G′WFi)
/

Gi
(3)

GWFi =
n

∑
c=1

(Wc
g × Ac

G) (4)

where Wc
g is the green-water consumption of crop c during growth (m3) [32]; Ac

G is the
planting area of crop c (ha); and n is the sum of all kinds of grain crops (this study considers
rice, wheat, maize, soybeans and potatoes).

Wc
g = 10min(ETc

c , Pc
e ) (5)

where Pc
e is the effective precipitation of crop c during its reproductive period (mm); ETc

c
is the actual evapotranspiration of crop c during its reproductive period (mm); 10 is the
conversion factor (converting water depth (mm) to volume) (m3/ha).

ETC
c = Kc × ET0 (6)

where Kc is the crop coefficient for crop c and ET0 is the daily potential evapotranspiration
rate (mm/d).

ET0 =
0.408∆(Rn − G) + γ 900

T+273 u2(es − ea)

∆ + γ(1 + 0.34u2)
(7)

where ∆ is the slope of the saturation vapor-pressure curve (kPa·◦C−1); Rn is the net radia-
tion (MJ·m−2·day−1); G is the soil heat-flux density (MJ·m−2·day−1); γ is the psychometric
constant (KPa·◦C−1); T is the temperature at the height of 2 m (◦C); u2 is the wind speed
at the height of 2 m (m·s−1); es is the saturated water-vapor pressure (KPa); and ea is the
actual water-vapor pressure (KPa).

We take the average of the daily precipitation at each meteorological station for the
same time period in each region as the daily precipitation value for that time period for that
province. In this study, we use the CropWat model to calculate the effective precipitation
during the growth period, which is currently recognized and generally recommended
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by the United States Department of Agriculture’s Soil Conservation Administration. The
formula is as shown below [33].

Pc
e =

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

(8)

where p is the precipitation in mm.

BWFi =
n

∑
c=1

(Ic
G × Ac

G) (9)

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

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

IG
c = (WUA × RG

c)/Ac
G (10)

where RG
c is the proportion of irrigation water use for crop c to the total irrigation water use

in the irrigation district [34] and WUA is the total irrigation water use of the province (m3).

RG
c =

(ETc
c − Pec)× Ac

G
n
∑

c=1
[(ETcc − Pec)× Ac

G]
(11)

The gray-water footprint is calculated according to Hoekstra et al. [35], as shown below.

G
′
WFi = (α× ARi)/(cmax − cnat

)
(12)

where ARi is the application of nitrogen fertilizer per hectare in kilograms per hectare; α is
the leaching rate, which is generally 10% [34]; cmax is the maximum permissible nitrogen
concentration, which is 10 mg/L; and cnat is the natural background nitrogen concentration.

2.3.3. Water Footprint of Grain Consumption

Where WFcons(p) is the per capita water-consumption footprint of grain p (m3); c(p) is
the per capita consumption of grain p (kg); ρ(p) is the coefficient of each grain p converted
into grain; p indicates the ration (beef, pork, mutton, poultry, eggs and milk). Among them,
the proportions of rations converted into grain in rural and urban areas are 1.0 and 1.25,
respectively (the ration consumption of rural residents in the statistics is calculated on the
grain, while the ration consumption of urban residents is calculated on the basis of traded
grain) [7]. The conversion coefficients of beef, pork, mutton, poultry, egg, milk and aquatic
products are 4.1, 4.6, 4.1, 3.2, 3.6, 0.8 and 2.0, respectively [36,37].

WFcons(p) =c(p)× ρ(p)×WFG
prod (13)

3. Results
3.1. Impact of Water-Supply Capacity on Food Security
3.1.1. Spatial- and Temporal-Distribution Characteristics of Water Resources

The total amount of water resources in Northwest China remained stable, but the
spatial distribution was significantly different. The increasing trend of water resources in
Northwest China over time from 2000 to 2020 was not obvious, with an average annual
increase of 1.9% (Figure 2). It can be seen that water resources in the region remained
basically stable. Spatially, Xinjiang and Qinghai were richer in water resources, with multi-
year averages of 91.8 and 73.1 G m3, respectively. They were 125.5% and 79.4% higher
than the average values in Northwest China. Ningxia’s water resources were the scarcest,
and its multi-year water resources were 97.4% lower than the regional average. In the arid
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Northwest of China, the abundance of water resources determined the amount of water
available for agricultural production in the region and its potential for further increase.
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3.1.2. Analysis of Water-Resource Development Potential

The water-resource development potential in Northwest China decreased. From 2000
to 2020, the regional water-resource load index showed an extremely obvious increasing
trend over time (p < 0.01), with an annual increase of 6.0% (Figure 3). Its water-resource
load level increased from grade III in 2000 to grade I in 2020, which indicated that the
region was already at a high water-resource stress level and that the water resources were
no longer available for further development (Figure 3A). Among them, Ningxia, Inner
Mongolia, Gansu, Shanxi and Shaanxi all had water-resource load ratings of grade I. All
provinces in the region showed varying degrees of increase in water-resource stress over
time (Figure 3B). Among them, Ningxia’s situation was particularly severe, and its multi-
year average of water-resource load index was 91.0, which was 11.8 times that of Northwest
China. From 2000 to 2020, the water-resource load index of Ningxia showed an increasing
trend over time (p < 0.05) and increased by 154.9% from 57.3 to 146.1. The water-resource
pressure of Qinghai in Northwest China was the smallest, and its water-resource load index
increased from 0.6 in 2000 to 1.3 in 2020 over time. Its grade changed from V to IV, and the
water-resource development potential decreased. Qinghai’s multi-year water-resource load
index was 1.1, which was 86.7% smaller than the average value of Northwest China. On
the basis of maintaining a perennial stability of regional water resources, the significant
increase in the water-resource load index indicated the unsustainable utilization of regional
water resources. This also indicated that the region was unable to meet the needs of the
agricultural sector by further exploiting water resources, which threatened the sustainable
development of regional food security and grain production.
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Figure 3. Dynamic changes in water-resource load index in Northwest China from 2000 to 2020. Note:
(A) shows the variation trend of water resource load index over time in Northwest China. (B) shows
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3.1.3. Spatial and Temporal Characteristics of Water-Use Structure

Agricultural water consumption in Northwest China was gradually allocated to other
departments, and its proportion was greatly reduced. In 2004–2020, the proportion of
agricultural water in Northwest China had a significant reduction trend (p < 0.05). Based
on the increase of 26.0% in crop plantation, its agricultural water use was reduced from
86.6% to 78.8%, with an annual decrease of 0.6% (Figure 4). Among the provinces, the
most significant reductions in agricultural water use were in Inner Mongolia (p < 0.01) and
Ningxia (p < 0.01). In 2004–2020, the two provinces increased their crop acreage by 49.9%
and 1.4%, respectively. Their proportion of agricultural water use was reduced by 19.9%
and 10.3%, respectively, with annual decreases of 1.4% and 0.7%, respectively. It is worth
noting that Qinghai, with less water pressure, increased its share of agricultural water by
7.7% during the study period on the basis of its stable crop acreage. This showed that
the decrease in the proportion of agricultural water consumption in provinces with large
water-resource pressure in the region was passive. In other words, the reduction in regional
agricultural water consumption was not only caused by the improvement of water-use
efficiency but was also due to agricultural water consumption being mainly allocated to
other departments and being forced to reduce the amount of water resources available for
agricultural production.
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Contrary to the trend of agricultural water consumption, the proportion of regional
domestic and ecological water consumption to total water consumption significantly in-
creased over time (p < 0.05), especially ecological water consumption. From 2004 to 2020, the
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proportion of ecological water in Northwest China showed a significant increase (p < 0.01)
of 309.9%. From the spatial point of view, the proportion of agricultural water use in North-
west China was the largest, with an annual average of 83.6%. The minimum ecological
water consumption was 3.9%. Based on the unique climate and soil conditions in Xinjiang
and Ningxia, the largest agricultural water consumption was determined, and the propor-
tion of agricultural water consumption in these two provinces for many years was 92.2%
and 88.9%, respectively. The smallest proportion of agricultural water was that of Shanxi,
which was 59.9%. Taking Shanxi as a benchmark, it could be seen that agricultural water
in the provinces of northwest China had the potential to be further allocated. Therefore,
with the further development of urbanization in the region and the gradual attention paid
by the Chinese government to its ecological security, we can predict that the amount of
regional domestic and ecological water consumption in the future will significantly increase.
However, on the basis of the lack of the further development potential of regional water
resources, agricultural water will likely be further allocated elsewhere. This is bound to
pose new challenges to the sustainable development of regional agricultural production
and food security.

3.2. Relationship between Water-Resource Demand and Food Security
3.2.1. Effect of Dietary-Structure Change on Water-Resource Demand

With the increase in the income level, the dietary structure of residents changed,
and the change in the dietary structure increased the demand for water resources for
regional food security. In 2000–2020, the amount of per capita food-ration consumption
was significantly reduced (p < 0.01) by 47.9% over the period (Figure 5). Pork (p < 0.05), beef
(p < 0.01), mutton (p < 0.05), poultry (p < 0.01), aquatic products (p < 0.01), eggs and dairy
products (p < 0.05) showed varying degrees of increase. Due to the change in the dietary
structure of residents in Northwest China, the water footprint of food-ration consumption
in this region showed a significantly decreasing trend (p < 0.01), with an annual decrease of
3.4%. The water-consumption footprints of pork, beef, mutton, poultry, aquatic products,
eggs and dairy products in the region increased by varying degrees. Especially, for beef
and poultry, the average annual growth rates were 9.9% and 6.3%, respectively. The animal
products consumed by residents were mainly pork, eggs, poultry and aquatic products.
The water footprints of four types of grain consumption accounted for 28.1%, 11.1%, 9.1%
and 7.0% of the total water footprint, respectively. Since different foods require different
water footprints for the same calorie supply, animal products rank higher than grain in this
respect. For example, on the basis of providing the same calories, dairy products need a 9.8
times higher water footprint than grain [7]. This indicates that the change in the dietary
structure of residents will likely increase the amount of grain and water resources required
to meet regional food security.

3.2.2. Impact of Population Urbanization on Water-Resource Demand

Due to the different distribution of environment, resources and food, urban and rural
residents have different dietary preferences, which leads to different water-consumption
footprints in urban and rural areas. As living standards improved, per capita grain con-
sumption of urban and rural residents in Northwest China showed fluctuating upward and
downward trends, respectively (Figure 6). In 2000–2020, the per capita grain consumption
of urban residents showed an indigenous increasing trend (p < 0.05), an increase of 26.9%,
with an average annual increase of 1.3%. It is worth noting that in 2017–2020, the per capita
grain consumption of urban and rural residents showed an upward trend, and the two grad-
ually approached one another over time. This was the inevitable result of the narrowing of
urban–rural differences and the achieving of coordinated development. The water footprint
of grain consumption, which is closely linked to grain consumption, showed a relatively
similar trend. With rapid urbanization, the urban population significantly increased as a
result of the massive migration of rural residents to cities. The urban population increased
from 44.4 million in 2000 to 98.8 million in 2020, an increase of 122.5%. Urban residents had
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greater per capita grain consumption than rural ones, which increased the regional demand
for grain and water resources. From 2000 to 2020, the water footprint of grain consumption
of urban residents in Northwest China showed a very significant increasing trend (p < 0.01),
and the water footprint of grain consumption increased by 85.9%. It is worth noting that
due to the decrease in regional production water footprint (in 2000–2020, it decreased by
34.1%), the increase in urban residents’ grain-consumption water footprint was smaller
than those of the population and the per capita grain consumption. In conclusion, the
improvement of urbanization increased the water footprint of regional grain consumption
and put forward higher requirements for food security and water resources.
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3.2.3. Impact of Industrial Consumption on Water-Resource Demand

With the rapid development of the regional economy, the grain water footprint of
industrial consumption increased year by year. From 2000 to 2020, the grain water foot-
print of regional industrial consumption showed an extremely significant increasing trend
(p > 0.01), with an annual increase of 9.3% (Figure 7). The large increase in the water
footprint of industrial grain consumption will likely aggravate the demand for grain and
water resources in the region and bring greater challenges to regional food security.
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Their conversion coefficients to grain are 2.33, 0.15, 2.80 and 1.20, respectively [38,39].

It is noteworthy that the water footprint of regional industrial consumption showed a
significant downward trend from 2017 to 2020. Compared with 2016, in 2017, it decreased
by 22.6%. In addition to the decrease in the water footprint of grain production, the
main reason for the sharp decrease in the water footprint of industrial consumption in
2017 was the decrease in liquor, beer and alcohol production. The sharp decrease in
liquor production is mainly attributed to the following: (1) Policy orientation: “The three
public consumptions” policy (The Chinese government issued restrictions on government
officials’ fees for overseas trips, officials’ reception fees and the purchase and maintenance
of official vehicles.) promulgated by the Chinese government directly reduced the amount
of liquor consumption by restricting government personnel’s travel-related food and drink
consumption. Moreover, with the government’s increasing penalties for drunk driving
and the widespread publicity of “driving without drinking”, people dared not drink too
much, which directly led to a decline in liquor production. (2) China‘s economy is still
in the processes of slowly digesting excess capacity, deleveraging and defoaming. The
downward pressure on the economy continued to increase from 2014, especially due to
the restrictions on “the three public consumptions”, which led to structural adjustment
and price declines in the liquor industry. (3) With the improvement of residents’ health
awareness, residents began to slowly exclude alcohol, no longer excessively drank or even
no longer drank, resulting in liquor-production decline. (4) Consumption upgrading caused
by the increase in per capita disposable income: This reduced the demand for low-priced
wine and increased the demand for high-priced wine. In order to survive, enterprises had to
take the high-end route to actively improve the price of liquor. However, the rise in liquor
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prices inhibited the consumption demand of some residents for liquor. If liquor prices continue
to increase, more demand will likely be inhibited. In general, the grain water footprint of
industrial consumption in Northwest China is increasing, which intensifies the pressure
on water resources in arid areas and brings greater challenges to food security. However,
the promulgation of relevant national policies and the change in residents’ wine-drinking
preferences alleviated the demand for industrial grain, regional grain and water resources to a
certain extent and brought certain positive effects on ensuring regional food security.

4. Discussion
4.1. Water Resources and Food Security Will Likely Face Greater Challenges in the Future

In the future, the contradiction between water supply and demand in Northwest
China will likely be sharp, and the water footprint of grain consumption will likely surge.
From the perspective of water-resource supply, the total amount of water resources in
Northwest China is in a stable state (Figure 2), and it is now at a high water-resource
pressure level (its water load index was grade I in 2020), so there is no potential for further
development (Figure 3). From the perspective of water-resource allocation, with the rapid
development of industrialization and urbanization and the high attention to the ecological
environment, the non-agricultural phenomena of agricultural water resources in this region
are serious (especially in water-resource shortage areas), exacerbating the contradiction
between the supply of and demand for regional water resources. As shown in Figure 4,
the proportion of agricultural water consumption in Northwest China decreased by 9.0%
from 2004 to 2020, while the ecological and living water consumption increased by 309.9%
and 55.0%, respectively. In terms of water demand, with the development of the economy
and urbanization, the dietary structure of residents is changing, and residents are more
inclined to consume more water-consuming animal products. As shown in Figure 5, in
2000–2020, the amount of per capita food ration consumption was significantly reduced
(p < 0.01), by 47.9%, over the period. Pork (p < 0.05), beef (p < 0.01), mutton (p < 0.05),
poultry (p < 0.01), aquatic products (p < 0.01), eggs and dairy products (p < 0.05) showed
varying degrees of increase. Secondly, residents’ demand for industrial consumer products
substantially increased, leading to an increased demand for industrial grain. From 2000 to
2020, the grain water footprint of regional industrial consumption showed an extremely
significant increasing trend (p > 0.01), with an annual increase of 9.3% (Figure 7). Moreover,
urban residents had a greater per capita grain demand than rural areas (in 2020, the per
capita grain consumption of urban residents was 7.7% higher than that of rural ones)
(Figure 6), and urbanization led to a large transfer of rural residents to cities. With the
further development of urbanization in the future, the water footprint of grain consumption
in Northwest China will likely further increase. On the basis of excluding the impact of
economic and social development, climate change and agricultural production technology
on future agricultural production, it is expected that the water-consumption footprint
used to meet food security in 2030, 2040 and 2050 will increase by 39.4%, 52.3% and
63.7% compared with 2020, respectively (Table 2). In conclusion, on the basis of the
further increase in the water footprint of regional grain consumption expected in the
future, the water resources used for agricultural production do not have the potential for
further increase (Figure 3), or they even decrease year by year (Figure 4). This means
that the amount of water resources needed for regional food security cannot be achieved
by developing/increasing agricultural water inputs. Only by improving the efficiency of
agricultural water resources, can we reduce the amount of water resources needed for
regional food security. Therefore, it is urgent to take effective measures to reduce the
amount of water resources used to meet food-security needs.
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Table 2. Water-footprint projections for grain consumption in Northwest China.

Year Population (Million) Urbanization (%) Grain-Consumption Water
Footprint (billion m3)

2025 173.1 59.5 155.2
2030 175.8 65.5 163.8
2035 177.8 67.8 171.8
2040 178.6 70.2 178.9
2045 178.8 72.5 185.8
2050 178.5 74.8 192.4

Note: First, according to the United Nations [40], National Population Development Plan (2016–2030) and Liu et al. [1],
we obtained the expected population and urbanization levels in Northwest China from 2025 to 2050. Second,
using the gray prediction model, the future per capita grain consumption in the region was predicted from the
dietary-structure consumption characteristics of urban and rural residents in the region from 2000 to 2017. The
actual consumption data of urban and rural residents from 2018 to 2020 were used to verify the corresponding
prediction data, which showed an error range of±5%, with high reliability. This part of grain consumption mainly
included the consumption based on the dietary structure of urban and rural residents and industrial grain. We
suppose that the future industrial grain and agricultural production levels of the region will be comparable with
those of 2020.

4.2. Measures to Effectively Reduce the Water Footprint of Crop Production and
Water-Consumption Footprint

In order to realize the sustainable development of regional water resources and grain
production, it is necessary to improve the efficiency of the regional agricultural use of water
resources, that is, to reduce the water footprint of various grain crops in the region. As
shown in Figure 6, the water footprint of grain production decreased due to improved crop-
water-utilization efficiency in the Northwest region. As a result, the increase in the water
footprint of grain consumption in Northwest China was smaller than the increase in the
population in Northwest China and per capita consumption demand. Therefore, measures
must be taken to improve the water-use efficiency of crops in order to reduce the regional
production water footprint [7]. This would help to reduce the amount of the water-resource
demand for grain production on the basis of increased regional grain-consumption demand
and better guarantee food security and the sustainable development of grain production.

(1) Optimize the regional crop-planting structure. The regional planting structure
needs to be adjusted according to the relative comparative advantage in producing each
crop (the comparative advantage in producing the same crop in different regions) and
the absolute comparative advantage (the comparative advantage in producing different
crops in the same region). 1© Relative comparative advantage in producing crops: (a) Blue-
water footprint of crop production. The blue-water footprint of rice production in Shaanxi
Province had a comparative advantage and was 38.1% smaller than the average value of
Northwest China (Figure 8A). Shaanxi, Gansu, Inner Mongolia and Shanxi Provinces had
a comparative advantage in producing rice. Provinces with a comparative advantage in
producing wheat (blue-water footprint) were Shaanxi, Shanxi and Inner Mongolia, whose
production blue-water footprints were 52.5%, 43.9% and 34.5% smaller than the regional
average, respectively. Moreover, the provinces with a comparative advantage in producing
corn were Shaanxi, Shanxi, Qinghai and Inner Mongolia, whose footprints were 50.9%,
34.4%, 31.6% and 30.5% smaller than the regional average, respectively. (b) Green-water
footprint of crop production. In terms of rice, the provinces with a comparative advantage
in this region were Shanxi, Shaanxi and Gansu, respectively, and the footprints of the
production of green water were 50.4%, 25.5% and 6.3% higher than the regional average,
respectively (Figure 8B). The provinces with a comparative advantage in producing wheat
were Qinghai, Gansu and Shanxi, whose footprints were 54.5%, 11.6% and 9.4% higher than
the regional average, respectively. Similarly, Xinjiang, Inner Mongolia, Ningxia and Gansu
Provinces had a comparative advantage in producing maize. Improving the utilization
efficiency of regional crops for green water could help to reduce the amount of crop
demand for blue water. (c) Grey-water footprint of crop production. The provinces with a
comparative advantage in producing wheat in this region were Shanxi, Xinjiang, Shaanxi
and Gansu, and the production footprints of gray water were 39.2%, 34.0%, 25.5% and
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22.9% lower than the average of Northwest China (Figure 8C). Similarly, Shanxi Province,
Inner Mongolia Province, Xinjiang Province and Ningxia Province had a comparative
advantage in terms of maize gray-water footprint in this region. 2© Absolute comparative
advantage in producing crops. Different crops in the same region have different production
water footprints, that is, they represent an absolute comparative advantage: (a) Blue-water
footprint of crop production. The most significant difference in the water footprint of crop
production in this region was in Qinghai, and soybean had a footprint 90.5 times that
of potato. The crops representing an absolute comparative advantage were potato and
corn, which were 0.05 and 0.27 times the average of grain crops in Qinghai, respectively.
The smallest difference was in Inner Mongolia, with the largest blue-water footprint of
soybean produced being only 21.5 times that of potato. The crops representing an absolute
comparative advantage in Gansu were potato, corn and rice. (b) Green-water footprint
of crop production. The most significant difference in the footprint of crop production
was in Qinghai, where the footprint of soybean was 11.8 times that of potato, and the
crops representing an absolute comparative advantage were soybean and wheat. The
smallest difference was in Xinjiang, where the footprint of soybean was only 4.8 times
higher than that of potatoes. Therefore, we should expand the planting area of crops in
areas with relative and absolute comparative advantages, while correspondingly reducing
the proportion of crops that do not represent a comparative advantage. This would help
to improve the efficiency of regional agricultural water-resource utilization (blue, green
and gray water) and reduce the amount of water resources needed for grain production,
so as to alleviate regional water pressure and promote food security and the sustainable
development of grain production.
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(2) Strengthen the management level of field management and promote water-saving
irrigation technology. By performing the comparative analysis of grain-production water
footprint in Northwest China and the national average level, it could be seen that grain-
irrigation-water productivity in this region was still lower than the national average, that
is, its production water footprint was larger than the national average, indicating that it
still had great water-saving potential [3]. The goal of reducing the regional grain-crop-
production water footprint could be achieved with the following strategies: (a) We should
increase the support for irrigation and water-conservancy infrastructure; vigorously pro-
mote agricultural mechanization [41]; and promote water-saving irrigation technology, such
as drip irrigation [42–44], sprinkler use [45,46], direct root-zone irrigation [47], deficit irri-
gation [9,13,48], alternate partial root-zone irrigation [13], negative-pressure irrigation [49],
the application of crop close planting [50], intercropping [51], film mulching [18,42,50,52]
and biochar application [53,54] in the fields, thus improving the utilization efficiency of
blue-water and green-water resources from the perspective of crop physiology. New
drought-resistant crops could also be cultivated [15,55]. Then, we should minimize the
demand for blue-water resources in regional grain production, relieve the pressure of
regional water resources and promote the coordinated development of regional water
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resources and grain production. (b) On the basis of ensuring the maximum utilization effi-
ciency of blue-water utilization, we should also focus on green-water resources. This goal
could be achieved by increasing the application of ridge–furrow mulching systems [17],
rain-intelligent agriculture [56], plastic film mulching [18], water-retention agents [57],
crop rotation and other technologies. In addition, according to the regional precipitation
characteristics, the crop-planting period should be appropriately adjusted to make the re-
productive period coincide with precipitation, which can maximize the regional utilization
efficiency of precipitation. The above measures can relieve the pressure of regional water
resources and realize the sustainable development of grain production. (c) Figure 8 shows
that the regional grain-ash water footprint constituted a large proportion of the grain water
footprint. Taking measures to reduce the regional gray-water footprint would not only
help to indirectly reduce the demand for water resources of regional grain production but
also help to promote regional ecological security. For example, on the basis of vigorously
developing regional water-saving irrigation technology, we should improve the utilization
efficiency of crop nitrogen fertilizers by implementing integrated water–fertilizer irriga-
tion, precision fertilization and soil fertilization [58] to reduce the demand for chemical
fertilizers for crop growth by developing organic agriculture [59], etc. (d) On the basis of
the above measures, the region should also change the current business model of small-
scale farmers to integrated and intelligent agriculture (integrating modern information
technologies such as the Internet, the Internet of Things, Big Data, cloud computing and
artificial intelligence with agriculture, so as to realize the new agricultural production mode
of agricultural information perception, quantitative decision making, intelligent control,
precise investment and personalized service), so as to reduce the blue-water footprint and
gray-water footprint of crops and increase the green-water footprint. Therefore, the above
field-management measures are expected to reduce the amount of water resources needed
for grain production while satisfying regional food security, so as to relieve the pressure on
regional water resources and achieve the sustainable development of grain production.

(3) Reasonably guide residents to change their diet structure. As shown in Figure 5,
residents’ spontaneous eating habits gradually changed from food rations to animal prod-
ucts, and the production of animal products requires more water resources. Therefore,
the footprint of water consumption could be reduced by reasonably guiding residents to
change to a healthy diet [60–62]. For example, eating “fruit-dairy” can provide more energy
than “meat-fish-poultry-egg” and “bread-grain-rice-pasta”, while effectively reducing the
water-consumption footprint [63]. A complete replacement of cereals with starchy roots
in the diet would lower the agricultural water demand by 25% [21]. In order to promote
the transformation of residents’ dietary structure to a healthy diet, some relevant policies
and measures could also be appropriately promulgated to encourage them to cooperate.
For example, the large reduction in alcohol consumption in the Chinese market is mainly
attributed to the implementation of “the three public consumptions” policy.

(4) Strengthen the food trade among regions/countries. As shown in Figure 8, the
various grain crops within the region had relative and absolute comparative advantages, as
well as among regions/countries. Therefore, on the basis of ensuring the absolute security
of regional grain rations, the proportion of the planted water-intensive crops should be
moderately reduced in favor of water-sparse crops. The consumer demand for scarce
water-intensive crops could be met with the food trade among regions/countries [64]. This
would help to relieve water pressure on the basis of ensuring food security in the region [65]
and would also help to save the amount of water used worldwide for grain production [66].

5. Conclusions

Exploring the coupling characteristics of regional water resources and food security
can not only better realize the sustainable development of regional water-resource uti-
lization and grain production but also help decision makers to take targeted measures in
advance. This study uses the concept of water footprint, systematically reveals the coupling
characteristics of water resources and food security in Northwest China from the aspects of
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regional “water supply”, “water use” and “water demand” and clarifies the new challenges
facing regional food security from the perspective of water resources. The main conclusions
are reported below.

(1) Water-resource pressure in Northwest China is already at a high level, and there
is no potential for further development. With the improvement of urbanization and the
government’s attention to the ecological environment, the phenomenon of regional agricul-
tural water resources is further intensified, and the amount of available agricultural water
resources and grain production are seriously threatened. Moreover, the transformation
of dietary structure, urbanization development and industrial-grain-use increase have
brought higher requirements for regional food security and water resources. These factors
pose great challenges to ensuring regional food security and the sustainable development
of grain production.

(2) The production of animal products needs greater water footprints; the dietary
structure of residents has gradually changed from rations to animal products, and the
residents’ demand for industrially processed products has also greatly increased, which
has brought higher requirements for the water footprint of regional grain consumption.
The demand for industrial products has also greatly increased, which has brought higher
requirements for the regional grain consumption and water footprint. Moreover, increased
urbanization has also exacerbated the amount of water footprint needed for regional food
security. If maintained at the current level of agricultural production technology, it is
expected that the water footprint of grain consumption in the region will reach 163.8,
178.9 and 192.4 G m3 by 2030, 2040 and 2050, respectively. Therefore, exploring how to
meet regional food security in the future should attract the attention of policy makers and
encourage them to take countermeasures as early as possible.

(3) The amount of water resources needed for regional food security cannot be achieved
by developing/increasing the agricultural water-resource input but only by improving
the efficiency of agricultural water-resource utilization and reducing the amount of water
resources needed for regional food security. According to the unsustainable situation of
regional water resources and grain production, this study proposes effective suggestions to
improve blue-water and green-water utilization efficiency and reduce the quantity of gray
water. It is also proposed to reduce the water footprint of regional grain consumption by
reasonably guiding the residents to change their dietary habits and to strengthen the grain
trade among regions or countries, so as to better promote the sustainable development of
regional water resources and grain production.
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