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Abstract: It is of great significance to systematically analyze the characteristics of the regional grain
supply and demand balance, reveal the influence mechanism of crop sustainable development,
and put forward effective countermeasures to achieve the goal of food security. This paper aims
at addressing the unique geographical characteristics of Northwest China and the current lack of
research on its food security. This paper systematically analyzes the temporal and spatial variation
characteristics of the regional grain production, consumption and food security level. The main
factors affecting regional food security are examined, and we put forward effective suggestions to
promote regional sustainable production. The results show that the average annual growth rate of
grain production in Northwest China from 2000 to 2021 was 3.4%, and the years of increased grain
production accounted for 77.3%. The main reason for the increase in grain production was the increase
in yield per unit area (average annual growth of 2.8%), of which the rice yield was the largest, up to
7.3 t/ha. Maize and wheat accounted for 60.7% and 23.4% of the total grain production in the region,
respectively. From the perspective of the regional structure, Inner Mongolia contributed the most to
the grain production in the region, accounting for 33.5% of the total output. Xinjiang, Shanxi, Shaanxi,
Gansu, Ningxia and Qinghai contributed 17.1%, 15.4%, 15.2%, 13.0%, 4.5% and 1.3%, respectively, to
grain production. From the perspective of the dietary structure, the grain consumption pattern in
Northwest China has gradually changed from raw grains to animal products, which has undoubtedly
increased the regional demand for grain. At present, since the increase in output is greater than the
demand for food, the food self-sufficiency rate in the region has increased from 0.81 to 1.28. Since the
grain yield per unit area in Xinjiang and Ningxia has a relative advantage over other provinces, to
achieve regional food security for a long time, moderately increasing the grain planting area in these
two provinces will help to promote regional food security. In addition, as the grains produced in the
region are mainly wheat and corn, the yield level of wheat and corn in Xinjiang and Qinghai has a
comparative advantage within Northwest China. Therefore, moderately increasing the planting area
of wheat and corn in Xinjiang and Qinghai is of great significance in ensuring regional food security.
The research results can provide theoretical support for the realization of regional food security and
provide a reference for other regions in the world, to better serve global food security.

Keywords: supply and demand balance; food security; grain production; spatial and temporal
characteristics; limiting factors

1. Introduction

Food security has always been a global problem affecting human survival and de-
velopment. Food is the basic material condition for human survival and development.
The problem of food security is related to the security and social stability of a country, the
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construction of a harmonious society and the healthy and sustainable development of a
country. According to the report “World Food Security and Nutrition 2022’, the number of
people affected by hunger worldwide has increased to 828 million, an increase of approxi-
mately 140 million compared to three years ago [1,2]. This poses a huge challenge to the
global sustainable development goal of zero hunger by 2030. As a populous country, China
is the world’s largest food producer and consumer [3]. Since 1979, China’s grain output has
increased from 270 million tons to 687 million tons in 2022, an increase of 1.54 times. Since
2004, China’s grain production has achieved continuous growth for 19 years and made
outstanding contributions to world food security. From 1979 to 2022, the average annual
growth rate of China’s total grain output was 2.25%, higher than the world average annual
growth rate of 1.56% [4]. Today, China produces approximately 25% of the world’s food,
with approximately 9% of the world’s arable land, and satisfies the dietary needs of 21%
of the world’s population, with a ‘large country effect’ [5,6]. This ‘large country effect’ is
reflected in the fact that the dynamic changes in China’s grain supply and demand have
a huge impact on the stability of the world grain market [6]. Therefore, whether China
achieves food security is of great significance to the global goal of food security.

Whether Northwest China achieves food security or exceeds the level of food security
is of great significance in ensuring China’s food security. With the rapid urbanization and
industrialization of China, the area of arable land in economically developed regions such
as Southern and Eastern China has been greatly reduced, making Northwest China (which
is relatively backward and has always been dominated by agricultural production, with
advantages in land, light and heat resources) increasingly important in ensuring national
food security [7]. Northwest China produces 12% of China’s grain, with approximately
10% of China’s water resources and 15% of its grain cultivation area, which is of great
significance in ensuring national food security. From 2000 to 2021, the region’s grain output
increased from 50.2 million tons to 99.8 million tons, with an increase of 98.9%, much higher
than China’s 47.7% increase over the same period. In 2021, the per capita grain output
in Northwest China was 614.63 kg, higher than the national average of 483.40 kg. It is of
great significance to explore the dynamics of food supply and demand balance changes in
Northwest China and analyze the influencing factors affecting its sustainable development,
to promote food security in this region and ensure China’s food security in the long term.

Food security has been the highest priority of the international community and a
central topic of academic development research [8]. Against the background of severe global
food shortages, food security and agricultural sustainability have received great attention
due to population growth and technological constraints, water shortages in the western and
southern regions of developing Asia and unsuitable terrain [9]. By analyzing the factors
affecting the sustainable development of agriculture, it is shown that water resources are
the key factors affecting food security, especially in arid and semi-arid areas [7,10-13].
Therefore, many scholars have focused on how to improve the crop water use efficiency to
address the issue of sustainable food production in arid and water-scarce regions. There is
now a wealth of research findings; for example, studies suggest improved water-saving
irrigation techniques such as subsurface drip irrigation [14], bubbled-root irrigation [15],
deficit-regulating irrigation [16,17] and rainwater harvesting in furrows [18], which help
to relieve pressure on regional water resources to better achieve regional food security. In
addition, the use of precision agriculture [19] and rainfed smart agriculture techniques to
vigorously develop rainfed agriculture [20] can effectively improve the efficiency of crops’
use of precipitation, thereby reducing the amount of irrigation water required. Under
the condition of water-saving irrigation technology, combination with biochar can further
improve the water use efficiency and alleviate regional water resource pressure [21,22].
Intensive agriculture [23] and smart agriculture [24,25] were later proposed to reduce
the amounts of water required by crops while maintaining food production. Thus, it is
necessary to explore the coupling characteristics of water resources and food security, to
reveal the mechanism of the impact of water resources on sustainable crop production
and to propose effective response measures to promote sustainable crop production in



Sustainability 2023, 15, 10835

30f18

drylands [7,26]. In summary, the focus of many scholars regarding food security is how
to improve the efficiency of water use by crops in order to relieve pressure on regional
water resources, promote sustainable crop production and thus better achieve regional
food security. However, scholars have not systematically explored the spatial and temporal
characteristics of the food production and consumption demand, which are closely related
to food security, and the factors that influence them. In order to realize regional and country-
wide food security, it is of great significance to explore the influence mechanism of regional
food security from the perspective of food supply and demand balance characteristics and
put forward effective suggestions and measures. Obviously, there is still a lack of research
in this area.

In view of the shortcomings of the current research, this paper takes Northwest China
as the research area, based on quantifying the yield and consumption of food crops (rice,
wheat, maize, beans and potatoes) in the region. The temporal and spatial variation
characteristics of grain crop production, the consumption structure and the food security
level in the region are systematically analyzed. The main influencing factors of regional
grain production and consumption are explored, and the influence mechanism of each
factor on the balance of the grain supply and demand in the region is revealed. Measures
to effectively promote the sustainable production of regional food crops are put forward.
The research results are of great significance in promoting the sustainable production of
regional crops and ensuring food security in China and even 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) covers seven provinces (regions),
namely Xinjiang, Qinghai, Gansu, Inner Mongolia, Ningxia, Shaanxi and Shanxi, and the
land area accounts for approximately 46% of China’s area (Figure 1). The region is rich in
land resources, but its water resources are very scarce. As the most arid and ecologically
fragile area in China [27], its water resources represent only 10% of the country [7]. The
average annual precipitation in most areas is below 250 mm, but the evaporation is above
1000 mm and even more than 2000 mm [7]. With the rapid development of urbanization
and the economy of Southern China, the importance of Northwest China, which has long
been dominated by agricultural production, in ensuring national food security is rapidly
increasing [7].
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Figure 1. Overview of the study area.

2.2. Methods

(1) Food self-sufficiency rate calculation method.

w = G/D x 100% 1)
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where w represents the regional food self-sufficiency rate (%). G represents the total regional
grain output (kg). D represents the regional food consumption demand (kg).

(2) Grain consumption demand calculation method.

In this paper, the calculation of grain consumption in Northwest China mainly involves
the direct consumption of urban and rural residents, feed consumption, seed retention
and loss consumption during transportation and storage. Direct consumption refers to the
amount of grain directly consumed by residents. Feed consumption mainly refers to the
amount of grain needed to produce animal products. Animal products mainly include
pork, beef, mutton, edible oil, poultry, eggs, seafood products and milk. In addition, there is
corresponding invalid waste during the grain growth period, harvest period, transportation
and storage period. Furthermore, to ensure an effective cycle of sustainable food production,
a certain number of high-quality food seeds need to be retained as seeds for the next season.

Gy=Py dy+P-d, @)

where G represents direct grain consumption (kg). P, indicates the size of the urban
population. P, represents the rural population. d,, and d, represent the per capita direct
grain consumption of urban and rural residents, respectively.

8 8
Ge=Py-Y) Ui-a;+P-) Ri-a ®3)
i=1 i=1

where G, represents the amount of food consumed for feed production (kg). U; and R;
represent the amount of food i consumed per capita by urban and rural residents, where
i represents the following: 1 = pork, 2 = beef, 3 = mutton, 4 = cooking oil, 5 = poultry,
6 = eggs, 7 = seafood products and 8 = milk. a; represents the conversion ratio of the i-th
food and grain, wherei=1, 2, ... ,8 correspond to the conversion rate of grain, which is 4.6,
4.1,4.1,4.6,3.2,3.6,2.0 and 0.8 [28].

D= Gd + G+ Gseed + Gloss (4)

where Gg,eq and Gy, respectively, indicate the number of seeds stored by farmers in the
current year and the amount of loss during grain transportation and storage, and we set
the amount of food waste and retained seeds as 5% of the total regional grain output in
that year based on the actual production [29].

2.3. Data Sources

Agricultural production data mainly include data on the output and planting areas of
grain crops (rice, wheat, maize, soybeans and potatoes) in various provinces in Northwest
China. The consumption data mainly include the per capita food consumption (including
direct edible grain, livestock and poultry meat, cooking oil, eggs, seafood products and
milk, etc.) in various provinces in Northwest China. Population data mainly include the
number of urban and rural residents. These data are derived from the China Statistical Year-
book, China Rural Statistical Yearbook, China Northwest Provincial Statistical Yearbook,
China Environmental Statistical Yearbook and China Agricultural Statistical Yearbook.

3. Results
3.1. Temporal and Spatial Variation Characteristics of Grain Production
3.1.1. Dynamic Changes in Grain Yield

Grain production in Northwest China showed a trend of fluctuating increases from
2000 to 2021 (Figure 2). During the study period, the average annual grain yield growth rate
was 2.40 x 10° tons, with an average annual growth rate of 3.4%, where the years with in-
creased grain yields accounted for 77.3%. Grain production increased from 5.02 x 107 tons
in 2000 to 1.02 x 108 tons in 2021, with an increase of 103.8%. The average annual output
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was 7.59 x 107 tons, and the highest output occurred in 2021, which was 1.4 times the
average annual output. The minimum yield occurred in 2001, which was 0.6 times the multi-
year average. The year with the largest grain production yielded 1.8 times that of the year
with the least. The grain yield was low in 2000-2003. At this stage, the average grain yield
in Northwest China was 5.30 x 107 tons, with an average annual increase of 9.0 x 10° tons.
The period of 2004-2007 was the recovery stage of grain production. The average grain
yield at this stage reached 5.97 x 107 tons, and the average annual yield increase was
1.3 x 10° tons, which was 1.4 times that of the first stage. The period of 2008-2021 showed
a rapid grain yield increase. At this stage, the grain output increased from 6.57 x 107 tons
to 1.02 x 10® tons, and the average annual output reached 8.73 x 107 tons, with an average
annual increase of 2.6 x 10° tons. The increase was 2.9 times and 2.0 times that of the first
two stages, respectively.
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Figure 2. Changes in grain production in Northwest China from 2000 to 2021.

Considering the limitations of mathematical statistics, they cannot systematically
reflect the inter-annual trends of grain production in Northwest China. The method of
difference product curve analysis was introduced to systematically analyze the inter-annual
variation characteristics of grain production in Northwest China (Figure 3). The period from
2000 to 2010 saw a continuous reduction (k < 0), with an average output of 5.87 x 107 tons,
lower than the annual average grain output in Northwest China (7.59 x 107 tons). This
means that although the inter-annual changes in food production show a fluctuating up-
ward trend (Figure 2), the increase in food production is slow relative to the multi-year
average, food production is still at a low level and production has not yet increased substan-
tially. On the contrary, compared with the research period, 2011-2021 was a period with a
continuous increase in production, with average annual grain production of 9.18 x 107 tons,
which was 20.9% higher than the average grain production for many years. This shows,
to a certain extent, that grain production during this period was already at a relatively
high level.

In terms of grain structure, the grain yield in Northwest China is mainly composed of
maize and wheat (Figure 4). From 2000 to 2021, maize and wheat accounted for 60.7% and
23.4% of the total output in Northwest China, respectively. The other three grain crops, rice,
soybean and potato, accounted for 3.9%, 4.2% and 7.8%, respectively. The largest yield of
maize was 15.5 times that of rice. In terms of time series, all five grain crops showed upward
volatility over time. The average annual growth rates of rice, wheat, maize, soybean and
potato were 0.1%, 0.7%, 6.0%, 1.2% and 1.0%, respectively. Rice showed a downward trend
from 2000 to 2007 and then an upward trend, but none of them were significant. Wheat
showed a decreasing trend in volatility from 2000 to 2008, but this was not significant. From
2009 to 2011, there was an upward trend, which was not significant. There was a significant
increase from 2012 to 2021 (p < 0.05). For maize, there was a year-on-year increase during
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the study period, but this trend was not significant from 2000 to 2002, and it showed a
significant increase from 2003 to 2021 (p < 0.01).

2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 2022

1 M 1 N 1 N 1 N 1 N 1 N 1 N 1 N 1 N 1 N 1
=0
N-

o ]
T 20
2] i
=

= —40-
> ]
N

S 60
c -
c -80-
=" J
8 -100 -
=

e

@ —120
b= ]
= _140 4
= -140
3 )
£,-160 |
E

& ~180 -
U B
-200

Figure 3. The difference product curve of grain production in Northwest China from 2000 to 2021.

Note: The difference product curve is the cumulative departure curve, which is obtained by the
n
accumulation of anomalies. The calculation method is k = Y (q; —§), where k represents the

t=1
cumulative anomaly value of each year in Northwest China, 10° tons. g; represents the grain output
of the northwestern region in the -th year, 10° tons. q represents the average grain production in the
northwestern region from 2000 to 2021, 10° tons.
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Figure 4. The structure of grain output in Northwest China from 2000 to 2021.

Analyzing from the perspective of time and space, the grain output of each province
in Northwest China showed different degrees of difference. The average grain output of
Inner Mongolia from 2000 to 2021 contributed the most to the grain output in Northwest
China, accounting for 33.5% of the total output (Figure 5). This was followed by Xinjiang,
Shanxi, Shaanxi, Gansu, Ningxia and Qinghai, which contributed 17.1%, 15.4%, 15.2%,
13.0%, 4.5% and 1.3% of the grain output in Northwest China, respectively. It can be seen
that the key province to ensure food security in Northwest China is Inner Mongolia.
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Figure 5. The output of grain crops in various provinces from 2000 to 2021.

From 2000 to 2021, the largest annual increase in grain output among all provinces
was in Inner Mongolia (5.5%), followed by Xinjiang (4.3%). Inner Mongolia saw the largest
annual increase in maize production (7.9%). Soybean followed, at 4.9%. The smallest annual
increase was in potato (—0.1%). Inner Mongolia’s maize production contributed the most
to the total grain production, reaching 76.5%, while wheat, soybean and potato contributed
less, at 7.0%, 6.8% and 6.7%, respectively. It can be seen that the crop planting structure in
Inner Mongolia is relatively singular, comprising mainly maize. In Shaanxi, maize, soybean
and potato increased by 2.1%, 1.9% and 2.4% per year, respectively. Rice and wheat showed
a trend of decreasing fluctuations over time, with average annual decreases of 0.9% and
0.2%, respectively. With the slight decline in wheat production, maize and wheat are the
two major crops that guarantee Shaanxi’s grain production. Their contribution rates to
Shaanxi’s grain output were 46.7% and 35.5%, respectively. For Xinjiang, from 2000 to 2021,
rice, wheat, maize and potato all showed an increasing trend year by year, with average
annual growth rates of 1.8%, 4.5%, 7.6% and 10.5%, respectively. The average annual rate
of change in soybean production showed a decreasing trend, which was 4.0%. The grain
composition in Xinjiang is mainly composed of wheat and maize, and the output of these
two grain crops accounted for 41.5% and 48.9% of the total grain output, respectively.
During the study period, in Shanxi, maize and rice had the largest growth rates among
the five food crops, with an average annual growth rate of 7.6% and 4.0%, respectively.
Soybean showed a trend of decreasing volatility, with an average annual decrease of 2.2%.
Shanxi’s grain structure is relatively simple, mainly maize, which accounts for 66.3% of the
total output. From 2000 to 2021, the average annual variation in rice and bean production
in Gansu was —3.9% and —2.6%, respectively. The other three grain crops showed an
upward trend, especially maize, which increased by an average of 7.1% per year. Gansu’s
grain production structure is relatively diversified, mainly composed of wheat, maize and
potato, which account for 29.1%, 39.5% and 19.4% of the total output, respectively. The
average annual grain output of rice, wheat, maize and potato in Ningxia accounted for
19.3%, 20.3%, 47.0% and 10.1% of the total output, respectively. Qinghai’s grain output
structure is dominated by wheat and potatoes, accounting for 40.8% and 30.2% of the total
grain output, respectively. Maize yields increased the most during the study period, at
27.5%. The diversity of the grain production structures among provinces in Northwest
China has ensured food security in the region.

3.1.2. Temporal and Spatial Variation Characteristics of Grain Yield Per Unit Area

From 2000 to 2021, the grain yield per unit area in Northwest China showed a fluctuat-
ing upward trend, with an average annual increase of 2.8% (Figure 6). Through the M-K
trend test analysis, it could be seen that, from 2000 to 2003, the growth in the grain yield
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per unit area in Northwest China was at a non-significant level. The grain yield per unit
area increased significantly from 2004 to 2021 (p < 0.01). From a statistical point of view,
the level of the grain yield per unit area in Northwest China showed a significant linear
relationship with time (p < 0.01). For every additional year during the study period, the
level of the grain yield per unit area will increase by 0.1 t/ha.

5.5
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1 R*=0.95, p<0.01

54
=}
1

:h
19}
1

Grain yield per unit area (t ha™)
n =
1 |

w
=}
1

2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 2022

Figure 6. Changes in grain yield per unit area in Northwest China from 2000 to 2021.

From the perspective of the crop structure, the yield per unit area of the five grain
crops in Northwest China showed a fluctuating increase trend from 2000 to 2021 (Figure 7).
Among the five grain crops, rice had the largest average yield of 7.3 t/ha. This was followed
by maize, wheat, potato and soybean, with yields of 5.8, 3.7, 3.0 and 1.5 t/ha, respectively.
In terms of time series, the rice yield per unit area showed a fluctuating increase trend
during the study period, with an average annual increase of 4.7%. During 2003-2005, the
rice yield showed a downward trend but did not break the confidence interval, so the
downward trend was not significant. In other periods, the rice yield showed an upward
trend, especially in 2010-2021 (p < 0.05). It is worth noting that the rice yield per unit area
mutated in 2007, and the yield per unit area after the mutation was 1.2 tons higher than
before, with a relative increase of 18.7%. The yield level of wheat showed a significant
increasing trend over time (p < 0.05), with an average annual increase of 2.5%. The M-K
trend test analysis showed that the rising trend in the yield per unit area did not reach a
significant level from 2000 to 2003, while the other stages showed a significant upward
trend (p < 0.05). As an important grain, the yield of maize showed a significant upward
trend during the study period (p < 0.05), with an average annual increase of 1.7%. The
improvement in the grain yield per unit area in Northwest China has greatly improved the
level of food security in the region.

From the perspective of time and space, the dynamic changes in the grain crop yield
level in Northwest China were analyzed, which showed that each grain crop had relative
comparative advantages in space. Xinjiang has the highest grain yield level of 6.1 t/ha,
which is 1.5 times that of Northwest China (Figure 8). Ningxia also has a higher yield level
than the region, which is 4.3% higher than the regional average. This shows that Xinjiang
and Ningxia have comparative advantages in grain yields compared with Shanxi, Shaanxi,
Gansu, Inner Mongolia and Qinghai. A moderate increase in grain planting in Xinjiang
and Ningxia will help to increase grain production, thereby better ensuring regional food
security. From the perspective of time series, the grain yield per unit area of Inner Mongolia,
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Ningxia, Shanxi, Xinjiang, Gansu and Shaanxi showed a significant upward trend (p < 0.01)
from 2000 to 2021, with an average annual increase of 3.6%, 3.3%, 3.4% and 1.4%, 3.2% and
2.2%, respectively.

] I Rice [] Wheat [0 | Maize - Soybeans - Potatoes ~fl- "\~
| ‘

2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020

Yield per unit area of each crop (t ha™)
S = N W A W A 2 e
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Figure 7. Changes in grain yield per crop in Northwest China from 2000 to 2021.
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Figure 8. Spatio-temporal trends of grain yield per crop in Northwest China from 2000 to 2021.

From the perspective of the grain crop structure, the yield per unit area of the same
grain crop also has relative comparative advantages among different regions. For rice,
Ningxia had the highest yield level between 2000 and 2021, at 8.3 t/ha. It was followed by
Xinjiang, Gansu, Inner Mongolia, Shaanxi and Shanxi. Among them, Ningxia’s value was
1.7 times that of Shanxi. There were three provinces with a higher than average rice yield
per unit area in Northwest China, namely Ningxia, Xinjiang and Gansu. The rice yield
levels in these three provinces were 1.2, 1.2 and 1.1 times the regional average, respectively.
This shows that these three provinces have a relatively high rice yield level compared
with other provinces, which means that they have relative comparative advantages. For
wheat, Xinjiang has a higher yield per unit area than other provinces, at 5.4 t/ha. It is
followed by Qinghai, Shaanxi, Shanxi, Ningxia, Inner Mongolia and Gansu. The yield
level of wheat in the largest province was 85.7% higher than that in the smallest province,
indicating that wheat in Xinjiang has a greater comparative advantage than that in Gansu.
The provinces with higher average wheat yields in Northwest China were Xinjiang and
Qinghai. The wheat yields in these two provinces were 51.6% and 7.8% higher than the
regional average, respectively. This shows that wheat in Xinjiang and Qinghai has a
relatively high comparative advantage in Northwest China, and appropriately increasing
the planting area of wheat in these two provinces (especially Xinjiang) has played an
important role in increasing their grain production. For corn, the province with the highest
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yield per unit area from 2000 to 2021 was Xinjiang, followed by Qinghai, Ningxia, Inner
Mongpolia, Shanxi, Gansu and Shaanxi. Among them, Xinjiang, Qinghai and Ningxia were
the provinces with higher average yields of maize in Northwest China. The yields of maize
in these three provinces were 33.8%, 18.7% and 15.6% higher than the average in Northwest
China, respectively. In summary, for the three most important grain crops, rice, wheat and
maize, the provinces with comparative advantages in rice production in Northwest China
are Ningxia, Xinjiang and Gansu. The provinces with comparative advantages in wheat
production are Xinjiang and Qinghai. Similarly, the provinces with relative comparative
advantages in maize production are Xinjiang, Qinghai and Ningxia. Therefore, moderately
expanding the corresponding crop planting areas in these provinces with comparative
advantages will inevitably help to increase grain production and better ensure regional
food security.

3.2. Analysis of Grain Consumption Demand Characteristics

From 2000 to 2021, grain consumption in Northwest China showed a significant linear
increase (p < 0.05), with an average annual increase of 1.1% (Figure 9). Through the analysis
of the M-K trend test, it can be seen that the increasing trend of grain consumption in
Northwest China from 2000 to 2012 was not significant, and it showed a significant increase
trend from 2013 to 2021 (p < 0.01). The average grain consumption in these two stages
was 6.25 x 107 tons and 6.75 x 107 tons, respectively. From a statistical point of view,
with time, for each additional year, the food consumption in the Northwest region will
increase by 4.0 x 10° tons. During the study period, the average annual grain consumption
reached 6.45 x 107 tons, and the grain consumption in 2021 was 20.8% and 25.2% higher
than the annual average and the value for 2000, respectively. The increase in residents’

demand for food year by year will inevitably bring greater challenges in ensuring regional
food security.
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Figure 9. The dynamic changes in grain consumption in Northwest China from 2000 to 2021.

From the perspective of the dietary structure, the grain consumption structure in
Northwest China has gradually changed from raw grains to animal products. From 2000
to 2021, residents’ direct food consumption decreased by 28.3%, with an average annual
decrease of 1.5% (Figure 10). The indirect consumption of cooking oil, pork, beef and lamb,
poultry, seafood products, eggs and milk has shown a trend of increasing year by year, with
an average annual growth rate of 1.1%, 2.7%, 6.2%, 6.7%, 4.3%, 3.6% and 6.1%, respectively.
Among them, the largest increase in dietary structure was seen for poultry and pork, and
the consumption of these two foods increased from 3.3% and 19.6% to 7.7% and 23.9%,
respectively, from 2000 to 2021. It can be also be inferred from the changing trends in the
consumption of these animal products during the research period that the consumption
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demand for them in Northwest China will further increase in the future. The production of
these animal products requires more grain, which will increase the residents” demand for
grain, which in turn will pose greater challenges to food security in Northwest China [7].

B Raw grain

I Cooking oil
B Pork

B Beef & Lamb
B Poultry

Il Aquatic products
I Eges

I Mmilk

Figure 10. The structure of grain consumption in Northwest China from 2000 to 2021.

3.3. Analysis of Food Self-Sufficiency Rate Characteristics

Combined with the dynamic change trends of grain yields in Northwest China
(Figure 2), the food self-sufficiency rate in Northwest China gradually transitioned from the
risk stage to the food security stage (Figure 11). If further divided, the food self-sufficiency
rate in Northwest China was at a risk stage (food self-sufficiency was less than 95% [29,30])
from 2000 to 2005, and the average food self-sufficiency rate was 85.5%. From 2006 to
2007, grain production was self-sufficient (food self-sufficiency rate was at 95-100% [29,30]),
and the average self-sufficiency rate was 96.3%. The period from 2008 to 2021 saw the
complete self-sufficiency of grain (food self-sufficiency rate was greater than 100% [29]),
with a multi-year average of 130.4%. The gradual increase in the food self-sufficiency rate
in Northwest China indicates its important role in ensuring China’s food security.
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Figure 11. The dynamic changes in the food self-sufficiency rate in Northwest China from
2000 to 2021.

4. Discussion
4.1. Influencing Factors of Grain Yield
4.1.1. The Effect of Crop Planting Types between Regions on Grain Yield

Grain production is determined by the planting area and the grain output per unit
area. By analyzing the correlation between grain production, the planting area and the
grain production per unit area, it can be seen that the three showed a significant positive
correlation, especially the production per unit area, with a correlation coefficient of 0.98
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(Table 1). This shows that the increase in grain output was mainly due to the increase in
grain output per unit area. However, the goal of increasing grain production can also be
achieved by expanding the cultivated land area, considering that the per capita grain sown
area in Northwest China is much higher than the Chinese average. With the deterioration of
the ecology in Northwest China, urbanization and increased population aging, the quantity
of cultivated land is decreasing and the quality is declining [7,31-33]. A decline in the
quality of cultivated land reduces the ecological function of cultivated land, and it cannot
maintain the ecological balance of the region, which is mainly caused by the decline in the
soil organic matter content in cultivated land [34,35]. In addition, in the process of using
natural resources to develop the economy, due to the problems of overexploitation and
irrational utilization, scientific methods and means are not paid attention in production,
which will also lead to the ecological environment of food cultivation becoming increasingly
fragile [36,37]. Farmers have applied chemical inputs such as fertilizers, pesticides and
herbicides in large quantities and in an uncontrolled manner for a long time, causing
large areas of cultivated land to suffer erosion and pollution to varying degrees [6,38].
At present, the fertilizer application amount is as high as 400 kg/ha, far exceeding the
safety limit of 225 kg/ha in developed countries [39]. All these have caused the serious
degradation and destruction of cultivated land resources, so that the extent of soil erosion,
desertification and cultivated land pollution continues to expand, disrupt the balance of
the ecosystem and reduce the quality of cultivated land [40]. This also means that the grain
sowing area in the arid northwestern region of China cannot be increased by expanding the
cultivated land area, and thus the goal of increasing grain production cannot be achieved.
Therefore, regarding the regional characteristics, it is particularly important to focus on
improving the quality of regional arable land and increasing the grain yield to promote
regional food security. By analyzing the grain yield per unit area in Northwest China and
the average level in China, it can be seen that the grain yield per unit area in the study area
is lower than that in China (4.7 t/ha in Northwest China and 5.5 t/ha in China in 2021).
There is still much room for development to increase grain production by increasing the
level of the grain yield per unit area in Northwest China. Therefore, efforts to increase
grain production in the northwestern region should focus on how to increase the grain
production per unit area.

Table 1. Correlation between grain production, sown area and yield per unit area in Northwest China.

Output (10% t) Planting Area (10° ha) Yield Per Unit Area (t/ha)
Grain crops 0.88 ** 0.98 **
Rice 0.73 ** 0.49 *
Wheat 0.28 0.78 **
Maize 0.99 ** 0.97 **
Soybean 0.39 0.28
Potato 0.20 0.65 **

Note: Significant differences * and ** indicate p < 0.05 and p < 0.01, respectively. Nonparametric correlation
analysis was performed using Spearman.

How can we increase the grain output per unit area in Northwest China? For arid
Northwest China, water resources and the cultivated land quality are the main factors
restricting its grain production potential. Therefore, in order to increase the food production
per unit area, it is necessary to increase the efficiency of the crop use of water resources.
At the same time, we must improve the quality of cultivated land. First, it is necessary
to improve the technical and management levels of agricultural management [41,42] and
improve the efficiency of the water use of food crops by increasing the construction of
farmland water infrastructure and promoting water-saving irrigation technologies (such as
drip irrigation, sprinkler irrigation and deficit irrigation) [43,44]. From a genetic point of
view, it is possible to breed high-yielding and superior crop varieties, which in turn will lead
to higher grain yields [45]. We can also strengthen the application of intelligent rainwater
agricultural technology to better improve the efficiency of precipitation use [46,47]. Finally,
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according to the characteristics of each region, the planting structures of food crops should
be adjusted in a targeted manner to give full play to the relative comparative advantages and
absolute comparative advantages between regions and within regions, thereby maximizing
the water use efficiency of crops [48]. Moderately increasing the investment in agricultural
productive materials (fertilizers, pesticides and agricultural films, etc.) is also a good choice
to increase the grain yield per unit area. However, the implementation of these measures
requires us to fully consider the fragile ecological environment of the region, and it is
necessary to achieve the goal of increasing grain yields through the promotion of integrated
water and fertilizer technology on the basis of not impacting ecological security [49-51].
Through these measures, it is expected to increase regional grain production without
expanding the crop planting area, so as to better ensure food security.

Regarding the structure of the grain yield, the grain yield showed a strong positive
correlation with maize and wheat, with correlation coefficients of 0.99 and 0.77 (p < 0.05),
respectively (Figure 12). Further analysis of the correlation between the maize and wheat
yields and the sown area and unit area yield showed that the maize yield was affected
by both the sown area and unit area yield, and the correlation reached a significant level
(p < 0.01, Table 1). The sown area of maize has a greater impact on its yield than the yield
per unit area. For wheat, its yield was significantly affected by the yield per unit area
(p < 0.01), but the sown area had no significant impact on its yield. Therefore, based on the
lack of expansion potential of arable land, increasing the yield per unit area (especially corn
and wheat) is the key to ensuring food security. In 2021, the yield per unit area of wheat
in Northwest China was 0.8 times that of China’s average level, indicating that it still has
great potential for development. However, the yield per unit area of maize in Northwest
China is close to the national average level, and it is difficult to further increase the yield
per unit area. Nonetheless, maize has its advantages, such as strong drought tolerance and
less artificial input during the entire growth period. These advantages are beneficial for the
arid northwestern region and the background conditions of the acceleration of urbanization
and population aging, aiding farmers in Northwest China [52]. Therefore, according to the
characteristics and development potential of different crops in Northwest China, measures
should be taken to improve the crop production potential and adjust the planting structure
to improve the grain output in the region and better ensure regional food security.
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Figure 12. Correlation between grain output, crop types and regional output in Northwest China.
(A) represents the correlation characteristics among crop yields in Northwest China. (B) represents the
correlation characteristics between grain production and total regional production for each province
in Northwest China. Significant differences * indicate p < 0.05.

4.1.2. The Impact of National Policies on Grain Production

The orientation of national policies determines the enthusiasm of farmers to engage
in agricultural production. As shown in Figure 2, the main reasons for the low grain
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yields in the first phase are as follows. (1) In the process of adjusting the agricultural
planting structure, China reduced the area of grain crops planted to expand cash crops [53].
From 2000 to 2003, the planting area of grain crops in Northwest China decreased by
11.3%. (2) The process of urbanization is increasing, and the implementation of the western
development strategy and the ‘South-to-North Water Diversion” water resource protection
project, coupled with the long-term distortion of grain prices, etc., have caused farmers
to be in a negative state of grain production [6,7]. This has directly affected the output of
grain in the region. (3) Due to the unreasonable adjustment of the agricultural planting
structure, the government has realized that there is still a major threat to the country’s
food security. The Chinese government has promulgated a series of agricultural protection
policies since 2003. For example, the ‘Opinions of the CPC Central Committee and the
State Council on Several Policies to Promote Farmers’ Income Increase’, issued and put
into effect in December 2003, pointed out that it is necessary to strengthen the support
for the development of the grain industry in major grain-producing areas, to increase
the economic income of farmers engaged in grain production [54]. It also emphasizes
strengthening the breeding of excellent grain crop varieties, the construction of disease
prevention and pest prevention projects, continuing to increase the effective irrigation areas
of crops and the construction of large, medium and small water conservancy facilities on
farmland. The implementation of this preferential policy and the Chinese government’s
corn inventory policy to purchase corn at a protective price have greatly increased farmers’
efforts to grow corn (Figure 3). In addition, compared with other food crops, corn does
not require excessive farm management from sowing to harvesting, which can greatly
free up agricultural labor to engage in other tasks to obtain more income [55]. This is
the main reason that farmers tend to grow corn, which in turn leads to the dominance of
maize production in the northwestern region (Figure 3). Moreover, ‘the Opinions on the
Implementation of the Opinions of the Central Committee of the Communist Party of China
and the State Council on Further Strengthening Rural Work and Improving Comprehensive
Agricultural Production Capacity’, issued in 2005, clearly stated that the “two reductions
and three subsidies” policies should be conscientiously implemented [56]. Specifically,
this includes agricultural tax exemptions and exemptions, direct subsidies to farmers
engaged in agricultural production, subsidies for the purchase of excellent crop varieties
and subsidies for the purchase of agricultural machinery. The implementation of these
policies has greatly stimulated and mobilized farmers to engage in food production [31].
With the implementation of a series of policies to benefit farmers and the intensification
of basic farmland construction and land reclamation and development, the amount of
cultivated land in Northwest China, which originally had an advantage in land area, has
gradually increased [6]. These factors re-incentivize farmers to engage in agricultural
production and increase their inputs in agricultural productive materials (such as chemical
fertilizers, pesticides and agricultural films, etc.). This has led to a steady increase in
grain production during this period (Figure 2). With the support of the national policy
benefiting farmers, agricultural technologies are constantly improving; with high-efficiency
water-saving methods, fertilization technology and other large-scale measures, the land
productivity has been greatly improved, which has also led to the transformation of the
agricultural production mode in Northwest China from extensive to economizing green
agriculture [31].

4.2. Analysis of Factors Affecting Grain Consumption

An understanding of the factors influencing regional food consumption is essential to
ensure regional food security. As the world’s most populous developing country, China
has seen rapid economic development since the reform and opening up. Residents” income
has been increasing since the mid-1980s, the problem of food and clothing for residents has
been essentially solved and the dietary structure has begun to transition to a moderately
prosperous level, which is mainly manifested in a significant decrease in the number of
food rations for direct consumption, while the consumption of animal foods has increased



Sustainability 2023, 15, 10835

150f18

significantly (Figure 10). The early 21st century is a key stage in China’s economic develop-
ment and urbanization; China has built a moderately prosperous society and expects to
reach the level of a moderately developed country by 2030. In 2021, China’s urbanization
rate was 64.7%, which is in the middle stage of accelerated development, with an urban-
ization rate of 30-70%, and it is expected to reach approximately 70% in 2035. This means
that the per capita income and consumption level of Chinese citizens will be significantly
increased, and the dietary structure will be significantly improved [31]. Further analysis of
the population structure showed that urban and rural residents have different consumption
demands for food [57,58]. As far as Northwest China is concerned, the per capita food
consumption of urban residents has increased year by year from 2000 to 2021, increasing by
16.1% during the study period, and will continue to increase in the future. The per capita
grain consumption of rural residents shows a trend of decreasing year by year, with an
average annual decrease of 1.0%. In 2021, it decreased by 15.1% compared with 2000. The
per capita grain consumption of urban residents has increased year by year, while the per
capita grain consumption of rural residents has decreased year by year. The main reasons
are as follows. (1) With the rapid development of urbanization, a large number of rural
young adults have been transferred to the city on a large scale, which has greatly increased
the per capita food consumption in urban areas [31]. In contrast, the rural population shows
the phenomenon of '99-38-61 villages’ (the elderly, women and children), which also greatly
reduces the per capita food consumption in rural areas [7,31,59]. (2) The dietary structure is
different. Urban residents are more inclined to consume animal products, and, on the basis
of providing the same calories, animal products need more food input [7,31,58]. Globally,
with the exception of a few countries, highly urbanized countries consume more animal
protein than the world average in the form of pork, poultry, beef and dairy [60]. This shows
that with the increase in the urbanization level in Northwest China, the demand for animal
products will continue to grow. Residents in rural areas mainly consume food on their own
farms and have a relatively low demand for animal products [61]. This also determines
the low per capita food consumption of rural residents to a certain extent. However, as
urbanization levels increase, large numbers of rural young people are moving to cities
and the urban population is increasing significantly [7]. This will significantly increase the
food consumption demand in Northwest China, posing an even greater challenge to future
food security.

5. Conclusions

Based on quantifying the yield and consumption of grain crops (rice, wheat, maize,
soybeans and potatoes) in Northwest China, this paper systematically analyzed the tempo-
ral and spatial variation characteristics of crop production, the consumption structure and
the food security level in Northwest China. The dynamics and limiting factors of regional
food supply and demand balance changes are revealed, and suggestions and measures are
put forward to effectively promote the sustainable production of regional food crops. The
main conclusions reached are as follows.

During the study period, grain production in Northwest China showed a good devel-
opment trend. The increase in grain yield levels is the main factor leading to the increase in
regional grain production. There are obvious differences in grain yield per unit area among
provinces in Northwest China, among which Xinjiang and Ningxia have comparative
advantages. Therefore, moderately increasing the area of grain planting in the region will
help to improve the level of food security in Northwest China. From the perspective of the
grain structure, the main contributing crops are wheat and maize. Xinjiang and Qinghai
have a comparative advantage in terms of the wheat yield per unit area. The yield per
unit area of maize in Xinjiang, Qinghai and Ningxia also shows a comparative advantage.
Therefore, moderately increasing the planting area of wheat and corn in Xinjiang and
Qinghai is of great significance in ensuring regional food security.

The dietary structure in Northwest China is undergoing major changes. Residents’
demand for food is gradually shifting from rations to animal products. Under the same
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calorie supply conditions, animal products require more raw grains. This will undoubtedly
increase the consumption demand of residents for grain. Fortunately, the current increase
in regional grain production is greater than the demand for grain consumption, which also
promotes a gradual improvement in food security. It is worth noting that as the Chinese
government attaches great importance to the ecological environment and limits the input of
major agricultural chemicals in food production, this will inevitably bring new challenges
to food security in the future.

Focusing on the new challenges of regional food security in the future, this paper
systematically analyzed the influencing factors of regional grain production and the food
consumption demand; combined with regional characteristics, it puts forward in detail
effective measures to promote sustainable regional food production and food security. The
results of this study can provide a reference for other similar regions around the world, to
better serve global food security.
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