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The lower reaches of the Yellow River are China’s grain production base and

ecological barrier. Its total grain production ranks third in China in 2021, and its

cultivated land plays an extremely important role in ensuring food security in the

Yellow River Basin and even the whole country. Based on the data of

GlobeLand30 in 2000, 2010 and 2020, this study studied the spatial

distribution of cultivated land use and the cultivated land transfer pattern,

the spatial distribution concentration degree and directional distribution

characteristics of cultivated land and grain production, and the sensitivity

analysis of grain production to the change of cultivated land area in the

lower reaches of the Yellow River by using the methods of land cover

transfer matrix, spatial distribution concentration model, sensitivity analysis

model, standard deviation ellipse model and spatial autocorrelation analysis.

The results show that: 1) The land type with the largest area transferred from

cultivated land in the lower Yellow River is artificial surface, and its regional

distribution is scattered; At the same time, the land type with the largest area

transferred into cultivated land is still artificial surface, which is directly related to

the rural land remediation measures implemented by the government. 2)

During the period from 2000 to 2020, the spatial distribution concentration

index (HHI) grade of cultivated land in the lower reaches of the Yellow River was

moderately concentrated and below, and there was no obvious concentration

trend; the concentration degree of grain production distribution in the lower

reaches of the Yellow River is higher than that of cultivated land, such as Rizhao,

Dongying, Qingdao and Weihai, where the HHI grades of grain production are

higher; The center of gravity of cultivated land in the lower reaches of the

Yellow River is relatively stable, while the center of gravity of grain production

shows an obvious trend of “westward shift”. 3) During 2000–2010, the grain

productions of 68.38% of districts and counties were insensitive to the change

of cultivated land, while the grain productions of 18 districts and counties were

highly sensitive to the change of cultivated land, mostly distributed in the hilly

and mountainous areas of central and southern Shandong; During 2010–2020,

the proportion of insensitive districts and counties decreased to 36%, and the

middle and high sensitive areas obviously showed a gradual decreasing trend.

Based on GlobeLand30 remote sensing image technology, this study can

effectively reveal the temporal and spatial dynamic changes of cultivated

land use and grain production in the lower reaches of the Yellow River, and

provide scientific reference for further rational development and utilization of
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cultivated land resources in the lower reaches of the Yellow River and

promoting the high-quality development of the Yellow River Basin.
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1 Introduction

Cultivated land is the scarcest production resource in China,

and it is the irreplaceable material basis and bearing condition to

ensure national food security. Rural areas are the birthplace of

farming civilization and the strategic highland to ensure food

security. Rural spatial governance is particularly important for

the implementation of rural revitalization strategy (Wang et al.,

2020). In 2020, the Chinese government issued the “Opinions on

Preventing Cultivated Land from Being Non-grain” and

Stabilizing Grain Production ", and in November 2021, it

issued the” Notice on Strict Control of Cultivated Land Use ",

which stipulated that the “balance of entry and exit” of cultivated

land into other agricultural land can be implemented across

administrative regions. The optimization of spatial allocation of

non-grain cultivated land and the fairness, benefit and efficiency

of “balance between entry and exit” of cultivated land utilization

are all important issues worthy of attention. Many scholars’

researches on cultivated land use mainly focus on economic

compensation effect of cultivated land protection (Niu and Xiao,

2019), evaluation of cultivated land productivity (Zhao et al.,

2019), quality management of cultivated land (Guo et al., 2019),

fallow scale of cultivated land (Tan et al., 2020), ecological

efficiency of cultivated land use (Liu et al., 2022a), distribution

of soil elements of cultivated land (Liu et al., 2022b), emissions of

CO2, N2O and CH4 from cultivated land (Berglund et al., 2021),

identification of cultivated land change using time-series Landsat

images (Li et al., 2021) and elastic space of cultivated land

protection (Liang et al., 2022). The exploration of cultivated

land security is more inclined to think about food security. “Barn

is full, and the world is stable”, China is a populous country, and

ensuring national food security is related to the long-term

stability of the country and the rice bowl on which everyone

depends. The research on food security is mainly manifested in

the change of food output (Xu et al., 2012), the distribution of

food production (Liu et al., 2019), the evaluation of food

production system (Ge et al., 2021; Zhuo et al., 2022) and so on.

Farmland management requires significant spatial

analysis. It is of practical significance to adjust agricultural

production structure, promote agricultural modernization,

improve agricultural production capacity and ensure food

security. For a long time, drought, little rain, ecological

destruction and frequent natural disasters in the Yellow

River Basin have always plagued the sustainable

development of social economy in the areas along the

Yellow River. Based on the national major development

strategic background of ecological protection and high-

quality development in the Yellow River Basin, how to

scientifically and reasonably solve the problems of

cultivated land utilization and grain production in the

lower reaches of the Yellow River Basin is a realistic

problem that the society generally pays attention to and

needs to solve urgently. Looking at the related research on

the Yellow River Basin at home and abroad, the research areas

are mainly concentrated in Ningxia (Wen et al., 2018), Shanxi

(Liu and Ma, 2003), Henan (Zhang et al., 2017), Yellow River

Delta (Li et al., 2019), Shaanxi (Zhang et al., 2020; Wei et al.,

2021), and the research fields are mainly concentrated in

cultivated land quality protection (Wang and Guo, 2020),

cultivated land reconstruction in historical period (Guo

et al., 2021), cultivated land temporal and spatial change

(Han et al., 2021), water-energy-grain coupling

development (Xu et al., 2021), and so on. Based on this,

with the help of GIS technology and GlobeLand30 data in

2000, 2010 and 2020, this paper studies the spatial pattern and

temporal and spatial changes of cultivated land resources and

grain production in the lower reaches of the Yellow River, in

order to provide basis for scientific management decision-

making of cultivated land use and food safety production in

Shandong Province and even the Yellow River Basin, and

provide reference for promoting high-quality development

of the Yellow River Basin.

2 Materials and methods

2.1 The grain production data and
fundamental geographic data

In view of the consistency and integrity of natural resources,

geographical location, society, economy and policy in the study

area, this study selects the complete administrative unit

(16 prefecture-level cities in Shandong Province) in the lower

reaches of the Yellow River as the study area, which can better

match the socioeconomic data and increase the accuracy of the

study. The grain production data of each prefecture-level city in

the lower reaches of the Yellow River in 2000, 2010 and 2020 are

derived from the socio-economic statistical yearbook of counties

(cities) in China. The data of prefecture-level city administrative

divisions in the lower Yellow River in vector format (ESRI

shapefiles) comes from National Catalogue Service for

geographic information (http://www.webmap.cn), and this
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data is re-projected to Albers Equal-area Conic Projection using

ArcGIS 10.2.

2.2 GlobeLand30 land cover data

The global land cover remote sensing data GLobeLand30 is

the first set of global land cover data products in the world with a

resolution of 30 m independently developed by China, and it is

also the global land cover data with the highest resolution in the

world at present. The Chinese government donated it to the

United Nations for sharing by the international community in

September 2014 (Chen, 2018). In this paper, the global land cover

data GlobeLand30 in 2000, 2010 and 2020, is used as the data

source of cultivated land information (http://www.

globallandcover.cn). The data set defines cultivated land as

“land for planting crops” (Chen et al., 2017). The classified

images used in the development of GlobeLand30 data set are

mainly 30-m multispectral images, including TM5, ETM + and

OLI multispectral images of Landsat, HJ-1 multispectral images

of China Environmental Disaster Reduction Satellite and GF-1

multispectral images (Yimuranjiang et al., 2021).

GlobeLand30 data includes ten first-class types, which are:

cultivated land, woodland, grassland, shrub land, wetland,

water body, tundra, artificial surface, bare land, glacier and

permanent snow (Yang et al., 2016). GlobeLand30 data is

based on WGS-84 coordinate system. In this study, ArcGIS

10.2 software is used to re-project the data of the lower

reaches of the Yellow River to Albers Equal-area Conic

Project, as shown in Figure 1.

2.3 Methods

2.3.1 Land cover transfer matrix method
In the study of land cover change, the basis of land use

structure and change direction analysis is land cover transfer

matrix, which plays an important role in the analysis of land use

change. Land cover transfer matrix lists the transfer areas of

various types of land use change according to the form of matrix,

which can carefully reflect the mutual transformation

relationship between various types of land use, so as to

understand the structural characteristics of various types

before and after transfer. The land cover transfer matrix

reflects the dynamic process of mutual transformation

between different areas at the beginning and end of a certain

FIGURE 1
Research area.
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period of time in a certain region. The general form of the land

cover transfer matrix is (Sun, 2020):

Sij �
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

S11 S12 . . . S1n
S21 S22 . . . S2n
..
. ..

. ..
. ..

.

Sn1 Sn2 / Snn

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠ (1)

Where: S represents the land type area; n is the number of land

use types before and after transfer; i, j (i, j = 1, 2, . . . , n) denote the

land use types at the beginning and the end of the study period

respectively; Sij represents the area where the initial land use type

i is transferred to the final land use type j. Each row of elements in

the matrix represents the flow direction information of the i land

class before the transfer to the local class after the transfer, and

each column of elements represents the source information of the

area of the j land class after the transfer from the local class before

the transfer.

2.3.2 Spatial distribution concentration model
Because all agricultural planting industries take cultivated

land as their material resource base, the concentration degree of

spatial distribution of cultivated land resources in a certain

administrative region can reflect the concentration degree of

regional spatial distribution of agricultural planting in that

administrative region. This paper adopts the concentration

index of spatial distribution of cultivated land constructed by

Wang Jiayue (Wang and Xin, 2017):

HHIi � ∑n

j�1(Xij/Xi)2 (2)

Where: HHIi is the spatial distribution concentration index of

cultivated land in the ith prefecture-level city. N is the total

number of districts and counties in the ith prefecture-level city,

Xij is the cultivated land area of the jth district and county in the

ith city, and Xi is the total cultivated land area of the ith

prefecture-level city. The range of HHIi is between 0 and 1,

and the larger the value, the more concentrated the distribution

of cultivated land resources in this prefecture-level city; the

smaller the value, the more dispersed the distribution of

cultivated land resources in this prefecture-level city. By the

same token, the spatial distribution concentration index of grain

production in each prefecture-level city can be calculated by

using the grain production data of each district and county.

2.3.3 Sensitivity analysis model
The influence of cultivated land area change on grain

production determines the grain management policy in a

region, so it is necessary to study the sensitivity of grain

production to cultivated land change. The Intergovernmental

Panel on Climate Change (IPCC) defines sensitivity as the ratio

of grain production change rate to cultivated land area change

rate in a certain period of time as the sensitivity of grain

production to cultivated land change (IPCC, 2007). In this

paper, the sensitivity index constructed by Liu Yansui (Liu

et al., 2009) is adopted:

β � [(Gt+1 − Gt)/Gt]/[(Lt+1 − Lt)/Lt] (3)

Where: β is the sensitivity index of grain production to cultivated

land change in a prefecture-level city. Gt and Gt+1 are the grain

production of the prefecture-level city in year t and

year t+1 respectively, and Lt and Lt+1 are the cultivated land

area of the prefecture-level city in year t and year t+1 respectively.

When β < 0, it means that the direction of grain production

change is opposite to the direction of cultivated land area change

in the study period, and in this case, grain production is

insensitive to cultivated land area change. When β is greater

than 0, it means that the change direction of grain production

is the same as that of cultivated land area in the study period. In

this case, grain production is sensitive to the change of cultivated

land area, and the larger the β value, the higher the sensitivity of

grain production to the change of cultivated land area, that is, the

small fluctuation of cultivated land area will lead to the larger

change of grain production. In addition, HHIi and β can

effectively solve the problem of integrating different spatial

scales and data.

2.3.4 Spatial statistical model
2.3.4.1 Standard deviation elliptic model

The standard deviation ellipse (SDE) is an important

geospatial statistical method, which is mainly used to measure

the concentration, dispersion and directional trend of

geographical elements (He et al., 2016; Lv et al., 2016). It can

accurately reveal the global characteristics of spatial distribution

of research objects from multiple angles, and quantitatively

interpret the information such as centrality, directionality and

extended direction deviation (Zuo et al., 2022). In this study, the

standard deviation ellipse model was used to explore the spatial

evolution trend and development direction of cultivated land use

in the lower reaches of the Yellow River from 2000 to 2020. The

relevant calculation formula of standard deviation ellipse model

is expressed as (Ren et al., 2016; Zuo et al., 2022):

X �











∑n
i�1
(xi − �X)2

n

√√
,Y �











∑n
i�1
(yi − �Y)2

n

√√
(4)

tan θ �
(∑n

i�1
~x2
i − ∑n

i�1
~y2
i ) +


























(∑n
i�1
~x2
i − ∑n

i�1
~y2
i )2

+ 4(∑n
i�1
~xi ~yi)2

√
2∑n
i�1
~xi ~yi

(5)

σx �


2

√

















∑n
i�1
(~xi cosθ− ~yi sinθ)2

n

√√
,σy �



2

√

















∑n
i�1
(~xi sinθ+ ~yi cosθ)2

n

√√
(6)

Where: X and Y denote the abscissa and ordinate of the

center of the standard deviation ellipse respectively. xi and yi

represent the abscissa and ordinate of geographic objects,
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respectively. �X and �Y are the arithmetic mean center of

the geographic objects, n is the number of the geographic

objects, θ is the azimuth angle of the standard deviation

ellipse; ~xi and ~yi are the average center deviation

respectively; σx and σy are x axis and y axis standard

deviation respectively.

2.3.4.2 Spatial autocorrelation analysis

Global spatial autocorrelation is used to measure the spatial

distribution characteristics of a certain attribute value in a region,

and to reflect the similarity degree of attribute values of adjacent

or adjacent regional units in space. It is mainly measured by

global Moran’s I exponent measure, and its calculation formula is

as follows (Ren, 2014):

I �
n∑n
i�1
∑n
j�1
Wij

∣∣∣∣xi − �x
����xj − �x

∣∣∣∣
∑n
i�1
∑n
j�1
Wij∑n

i�1

∣∣∣∣xj − �x
∣∣∣∣2 (7)

After the global Moran’s I exponent is calculated, the

normalized statistic Z is usually used for statistical test to

verify whether there is spatial autocorrelation. The larger the I

value, the higher the spatial autocorrelation. Because the

spatial autocorrelation change in a region may not be

stable, in order to better reflect the spatial aggregation

degree of a local region, it is necessary to introduce a local

spatial autocorrelation statistic, that is, a local Moran’s I

index, whose calculation formula is as follows (Zuo et al.,

2022):

Ii �
n(xi − �x)∑n

j�1
Wij(xj − �x)

∑n
i�1
(xi − �x)2

(8)

Ii is positive, indicating that the similarity value of local

spatial units tends to spatial aggregation. When Ii is negative, it

means that the similarity values of local spatial units tend to be

scattered.

3 Results

3.1 The overall situation of cultivated land
resources during 2000–2020

By processing and summarizing the data of GlobeLand30 in

2000, 2010 and 2020, the cultivated land resources data of

16 prefecture-level cities in the lower reaches of the Yellow

River in Table 1 was obtained. It can be seen from the table

that the cultivated land resources in the lower reaches of the

Yellow River are unevenly distributed in 16 prefecture-level

cities, among which Linyi, Weifang, Yantai and Heze are rich

in cultivated land resources, while Rizhao, Zibo, Weihai and

Zaozhuang rank lower in the lower reaches of the Yellow River.

During the 20 years from 2000 to 2020, the area of cultivated land

resources decreased obviously. The total amount decreased from

12,503,631 ha in 2000–11,135,228 ha in 2020, with a total

decrease of 1,368,403 ha and an average annual decrease of

68,420 ha, with an average annual decrease of 0.55%.

TABLE 1 Data of cultivated land resources during 2000–2020 (ha).

City Area 2000 Area 2010 Area 2020 2000–2020 difference

Binzhou 714,619 687,391 619,987 -94632

Dezhou 896,139 889,810 837,555 -58584

Dongying 510,234 437,624 417,432 -92801

Heze 1,036,676 1,023,085 924,112 -112564

Jinan 800,472 773,757 678,987 -121484

Jining 887,691 875,445 832,966 -54725

Liaocheng 751,925 740,376 682,031 -69894

Linyi 1,486,053 1,451,882 1,285,908 -200145

Qingdao 851,197 810,793 773,389 -77809

Rizhao 443,614 442,341 392,776 -50838

Tai’an 615,532 604,335 553,547 -61985

Weihai 364,448 362,259 354,437 -10011

Weifang 1,277,853 1,232,779 1,135,568 -142285

Yantai 1,024,352 1,011,483 947,754 -76598

Zaozhuang 384,863 380,753 338,173 -46690

Zibo 457,964 435,197 360,607 -97357

Total 12,503,631 12,159,310 11,135,228 -1368,403
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3.2 The transfer situation of cultivated land
resources during 2000–2020

The ArcGIS software is used to calculate the data of

GlobeLand30 in 2000, 2010 and 2020, and the transfer matrix

of cultivated land resources in the lower reaches of the Yellow

River is in Table 2. It can be seen that the cultivated land

resources in the lower reaches of the Yellow River have

different magnitudes of transfer in different periods, during

2000–2010, the area of cultivated land transferred out to

artificial surface is as high as 497,510 ha. During 2010–2020,

the area of cultivated land transferred out to artificial surface

reaches 10,99,642 ha. In the meantime, from 2000 to 2010, the

main type of land type with the largest area transferred into

cultivated land is still artificial surface, and its transferred

cultivated land area was 241,743 ha. From 2010 to 2020, more

areas were transferred from artificial surface and water to

cultivated land, which were 154559 and 129,290 ha respectively.

3.3 The overall situation of grain
production during 2000–2020

By processing and summarizing the grain production data in

2000, 2010 and 2020, the grain production and yield data of

16 prefecture-level cities in the lower reaches of the Yellow River

were obtained in Table 3. It can be seen from the table that the

distribution of grain production in 16 prefecture-level cities in

TABLE 2 Aggregate converted area of cultivated land resources during 2000–2020 (ha).

Type Grassland Cultivated
land

Shrub
land

Forest bare
land

Artificial
surfaces

Wetland Water
bodies

Total

transfer from cultivated land
2000–2010

53,025 11,740,750 0 31,712 1,628 497,510 20,677 158,327 12,503,629

transfer to cultivated land 2000–2010 39,819 11,740,750 0 70,043 793 241,743 9,696 56,181 12,159,025

Transfer from cultivated land
2010–2020

92,603 10,787,002 9,305 64,815 2002 1,099,642 10,631 93,310 12,159,310

transfer to cultivated land 2010–2020 30,718 10,787,002 0 17,988 677 154,559 14,995 129,290 11,135,229

TABLE 3 Grain production and grain yield during 2000–2020 (ha).

City 2000 2010 2020 Total change rate

Grain
prodcution
(tonnes)

Grain yield
(tonnes/
ha)

Grain
prodcution
(tonnes)

Grain yield
(tonnes/
ha)

Grain
prodcution
(tonnes)

Grain yield
(tonnes/
ha)

2000–2010 2010–2020

Binzhou 2,228,247 3.12 2,956,489 4.30 3,702,316 5.97 32.68% 25.23%

Dezhou 3,399,545 3.79 7,041,996 7.91 7,587,733 9.06 107.15% 7.75%

Dongying 809,403 1.59 779,133 1.78 1,347,926 3.23 -3.74% 73.00%

Heze 3,529,632 3.40 5,649,381 5.52 7,939,514 8.59 60.06% 40.54%

Jinan 2,760,462 3.45 3,172,154 4.10 2,908,066 4.28 14.91% -8.33%

Jining 4,137,567 4.66 4,648,044 5.31 4,827,833 5.80 12.34% 3.87%

Liaocheng 3,309,413 4.40 5,199,351 7.02 5,638,690 8.27 57.11% 8.45%

Linyi 3,844,899 2.59 4,687,627 3.23 4,164,784 3.24 21.92% -11.15%

Qingdao 2,780,481 3.27 3,514,081 4.33 3,045,755 3.94 26.38% -13.33%

Rizhao 1,147,998 2.59 1,201,849 2.72 840,705 2.14 4.69% -30.05%

Tai’an 2,343,072 3.81 3,102,969 5.13 2,570,744 4.64 32.43% -17.15%

Weihai 939,225 2.58 1,062,635 2.93 661,454 1.87 13.14% -37.75%

Weifang 3,676,233 2.88 5,225,761 4.24 4,250,001 3.74 42.15% -18.67%

Yantai 1,986,480 1.94 2,578,905 2.55 1,746,649 1.84 29.82% -32.27%

Zaozhuang 1,304,436 3.39 1,929,899 5.07 1,805,734 5.34 47.95% -6.43%

Zibo 1,331,014 2.91 1,754,477 4.03 1,430,226 3.97 31.82% -18.48%

Total 39,528,107 3.16 54,504,751 4.48 54,468,131 4.89 37.89% -0.07%
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the lower reaches of the Yellow River is very uneven, among

which, Heze, Dezhou, Liaocheng, Jining, Weifang, Linyi have

sufficient grain output, while Zibo, Dongying, Rizhao, Weihai

rank lower in the lower reaches of the Yellow River. At the same

time, the cities with higher grain yield are Dezhou, Heze,

Liaocheng, Binzhou, Jining and Zaozhuang, while Rizhao,

Weihai and Yantai have lower grain yield. From 2000 to 2010,

the prefecture-level cities with obvious increase in grain

production mainly include Dezhou, Heze, Liaocheng,

Zaozhuang and Weifang, with an increase of more than 40%.

On the contrary, the grain production of Dongying City

decreased by 3.74%, and the cultivated land area of Dongying

City decreased by 14.2% during this period, far exceeding the

decrease of other prefecture-level cities. Under certain

agricultural planting level and farmland management

experience, the cultivated land area of Dongying City will

inevitably lead to a decrease in grain production. During the

10 years from 2000 to 2010, Dongying, Heze and Binzhou were

the prefecture-level cities with obvious increase in grain output,

while Rizhao, Yantai, Weihai experienced a reduction of more

than 30%, and the cultivated land area of these cities decreased by

more than 10%, which led to the decrease of grain produciton in

the current period. The sharp decrease in cultivated land area

cannot make up for the decrease in grain prodcution even when

the grain yield is generally increased.

3.4 The spatial distribution concentration
index of cultivated land during
2000–2020

According to the formula of cultivated land spatial distribution

concentration index, the cultivated land spatial distribution

concentration index in, as shown in Figure 2 Of each city in

the lower reaches of the Yellow River from 2000 to 2020 was

calculated, and the regional spatial distribution concentration

degree of regional agricultural planting in the 20 years from

2000 to 2020 was revealed by this index. It can be seen that the

spatial distribution concentration index of cultivated land in each

prefecture-level city in the lower reaches of the Yellow River is

between 0.1 and 0.3, and the change range between different years

is very small, which shows that the spatial distribution of cultivated

land in the lower reaches of the Yellow River is relatively scattered,

the cultivated land resources in each prefecture-level city are

FIGURE 2
Spatial distribution concentration index of cultivated land.
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relatively uniform, and the distribution pattern of cultivated land

resources changes little.

3.5 The cultivated land sensitivity index
during 2000–2020

According to the cultivated land data extracted from

GlobeLand30 images in 2000, 2010 and 2020, the cultivated

land sensitivity indexes of cities in the lower reaches of the

Yellow River in 2000–2010 and 2010–2020 are calculated, as

shown in Table 4. It can be seen that the cultivated land

sensitivity index of all prefecture-level cities in the lower

reaches of the Yellow River from 2000 to 2010 is negative

except Dongying City, which indicates that the grain

production of all prefecture-level cities in the lower reaches of

the Yellow River is not sensitive to the change of cultivated land

area in this period. During 2010–2020, the cultivated land

sensitivity index of Weihai, Yantai, Qingdao, Rizhao, Weifang

and Tai’an changed to positive, indicating that the grain

production in these areas began to become sensitive to the

change of cultivated land area.

3.6 The standard deviation ellipse model
of cultivated land and grain production
during 2000–2020.

According to the cultivated land data extracted from

GlobeLand30 images in 2000, 2010 and 2020, combined with

the grain production data, the distribution of cultivated land

center of gravity and grain production center of gravity in

16 prefecture-level cities in the lower reaches of the Yellow

River was calculated, and the standard deviation ellipses of

cultivated land use and grain production in three periods in

the lower reaches of the Yellow River were calculated

respectively, as shown in Table 5. In 2000, the coordinates of

cultivated land barycenter in the lower reaches of the Yellow

River were (1,148,233, 3,959,488). The barycentric

coordinates of cultivated land in the lower reaches of the

Yellow River in 2010 are (1,147,694, 3,958,393). In 2020, the

coordinates of cultivated land barycenter in the lower reaches

of the Yellow River were (1,149,001, 3,959,701). During the

decade from 2000 to 2010, the cultivated land barycenter only

shifted by 1,220 m. During the 10 years from 2010 to 2020, the

center of gravity of cultivated land only shifted by 1854 m, and

the displacement of the center of gravity of cultivated land use

changed little in the past 20 years, and the center of gravity of

cultivated land was located in Boshan District of Zibo City.

The centers of standard deviation ellipse of cultivated land in

the lower reaches of the Yellow River in 2000, 2010 and

2020 are completely consistent with the centers of gravity

of cultivated land in corresponding years. The interior of an

ellipse is the main area of cultivated land resources

distribution in the lower reaches of the Yellow River.

During the 20 years from 2000 to 2020, the main area of

cultivated land utilization, the spatial distribution direction

and spatial dispersion degree of cultivated land utilization

have maintained good consistency, and the change range is

very small.

The barycentric coordinates of grain production in the

lower reaches of the Yellow River were (1,124,516,

3,948,975) in 2000 (1,112,577, 3,951,556) in 2010 and

(1,092,396, 3,946,694) in 2020. During the decade from

2000 to 2010, the barycentric coordinates of cultivated land

shifted westward by 12,214 m. During the decade from 2010 to

2020, the center of gravity of grain production further shifted by

20,805 m to the southwest. In the past 20 years, the

displacement of the center of gravity of grain production

changed obviously, and the center of gravity of grain

production shifted in Laiwu District of Jinan City all the

time. The temporal and spatial migration of the center of

gravity of grain production showed a slow moving trend to

the west. The centers of standard deviation ellipse of grain

production in the lower reaches of the Yellow River in 2000,

2010 and 2020 are completely consistent with the centers of

gravity of grain production in corresponding years. The interior

of an ellipse is the main area of grain production distribution in

the lower reaches of the Yellow River. During the 20 years from

2000 to 2020, the spatial distribution area of the standard

deviation ellipse of grain production shifted to the southwest

as a whole, and its distribution direction also showed obvious

deflection.

TABLE 4 Cultivated land sensitivity index during 2000–2020.

City Sensitivity 2000–2010 Sensitivity 2010–2020

Binzhou -8.58 -2.57

Dezhou -151.71 -1.32

Dongying 0.26 -15.82

Heze -45.81 -4.19

Jinan -4.47 0.68

Jining -8.94 -0.80

Liaocheng -37.18 -1.07

Linyi -9.53 0.98

Qingdao -5.56 2.89

Rizhao -16.35 2.68

Tai’an -17.83 2.04

Weihai -21.88 17.48

Weifang -11.95 2.37

Yantai -23.74 5.12

Zaozhuang -44.90 0.58

Zibo -6.40 1.08

Total -13.76 0.01
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4 Discussion

4.1 Temporal and spatial variation
characteristics of cultivated land transfer

The spatial distribution of cultivated land transfer in the

lower reaches of the Yellow River from 2000 to 2010 and from

2010 to 2020 is mapped respectively, as shown in Figure 3. It

can be seen that during the period from 2000 to 2010, the

cultivated land in the lower reaches of the Yellow River was

transferred numerously to artificial surface, and the regional

distribution of the transferred artificial surface in

16 prefecture-level cities was scattered, which was directly

related to the rapid expansion of urban construction during

this period, and the transfer of some cultivated land for

urbanization. During 2000–2010, the second land type of

TABLE 5 Standard deviation ellipse model of cultivated land and grain production.

Parameter 2000 2010 2020

Cultivated
land

Grain
production

Cultivated
land

Grain
production

Cultivated
land

Grain
production

Elliptical area (km2) 78,576.7 75,399.1 78,842.2 76,778.6 79,524.7 75,837.1

Center Point X
Coordinate (km)

1,148.2 1,124.5 1,147.7 1,112.6 1,149.0 1,092.4

Center point Y
coordinate (km)

3,959.5 3,949.0 3,958.4 3,951.6 3,959.7 3,946.7

Ellipse x-axis length (km) 117.4 117.1 117.3 120.7 117.1 123.4

Ellipse y axis length (km) 213.0 205.0 214.0 202.4 216.3 195.7

Azimuth angle(°) 60.8 62.4 61.0 63.6 61.2 58.7

FIGURE 3
Temporal and spatial distribution of cultivated land transfer during 2000–2020. (A) transfer from cultivated land 2000 to 2010, (B) transfer from
cultivated land 2010 to 2020, (C) transfer to cultivated land 2000 to 2010, (D) transfer to cultivated land 2010 to 2020.
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cultivated land transferred out is water body, which is mainly

distributed in the Yellow River Delta and Weishan Lake.

During this period, with the construction of the Yellow

River Delta National Eco-economic Demonstration Zone

and the prominent role of Weishan Lake, the largest

freshwater lake in the north, in the eastern route of the

South-to-North Water Transfer Project, some cultivated

land needs to be transformed and restored to important

water resources. During 2010–2020, the area of cultivated

land transferred to artificial surface in the lower reaches of the

Yellow River has further increased, and the demand for urban

construction land has further increased sharply. Only in 2017–2019,

the urban expansion speed of Shandong Province was further

accelerated, and the average annual growth rate of urban

construction land area reached 12.29%[ (Zeng and Lin, 2022),

(Zhang et al., 2022)]. Therefore, the type with the largest area

among all land types transferred from is artificial surface, and the

area of artificial surface transferred from cultivated land is as high as

1,099,642 ha. It can be seen from Figure 3B that with the rapid

urbanization process, the concentrated areas of the artificial

surface transferred from cultivated land in various cities

are consistent with the spatial distribution of

outward diffusion and construction of urban built-up areas in

these cities.

From 2000 to 2010, the most land type transferred into

cultivated land in the lower reaches of the Yellow River is

artificial surface, with an area of 241,743 ha, followed by forest

land transferred into 70,043 ha. As can be seen from

Figure 3C, the spatial distribution area of artificial surface

transferred into cultivated land is mainly the non-urban

central areas of various cities, and the spatial distribution

is very scattered, which is directly related to the rural land

remediation implemented during this period. In the lower

reaches of the Yellow River, through comprehensive

treatment of rural fields, water, roads, forests and villages,

idle homesteads and collective construction land are

reclaimed into cultivated land, which obviously increases

the number of cultivated land, improves the quality of

cultivated land and improves the productivity of farmland.

However, the situation of forest land turning into cultivated

land is very obvious in Yantai and Weihai. Because Yantai and

Weihai are dominated by low mountains and hills, forest land

resources are abundant, and cultivated land occupies forest

land. During the period of 2010–2020, the area of artificial

surface converted into cultivated land in the lower reaches of

the Yellow River still ranks first among all types, reaching

154,559 ha. With the promotion of “living together in

villages” in many places in Shandong Province during this

period, a large number of idle rural construction land has been

reclaimed, increasing a large amount of cultivated land area.

At the same time, integrated land can be operated on a large

scale, which greatly promotes the development of agricultural

industrialization.

4.2 Analysis of spatial distribution
concentration degree and directional
distribution characteristics of cultivated
land and grain production

According to the spatial distribution concentration index of

cultivated land and grain production in the lower reaches of the

Yellow River, the spatial distribution concentration patterns are

divided into five grades, which are: HHI ≥0.3 is highly

concentrated distribution, 0.2 ≤ HHI <0.3 is moderately

concentrated distribution, 0.1 ≤ HHI <0.2 is low concentrated

distribution, and HHI <0.1 is uniform distribution. It can be seen

from Figure 4 that during the period from 2000 to 2020, the

concentration degree of grain production distribution in the

lower reaches of the Yellow River is generally higher than the

spatial distribution concentration degree of cultivated land. The

HHI grades of cultivated land in each year are moderately

concentrated and below, among which the HHI grades of

Qingdao, Zaozhuang, Dongying, Tai’an, Weihai and Rizhao

are moderately concentrated. In 2020, 51.1% of cultivated land

in Qingdao is located in Pingdu City and Huangdao District;

56.4% of cultivated land in Zaozhuang City is located in

Tengzhou City and Shanting District; 46.2% of cultivated land

in Dongying City is located in Kenli County and Hekou District.

47.4% of cultivated land in Tai’an city is located in Xintai city and

Daiyue district; 61.4% of cultivated land in Weihai is located in

Rushan City and Wendeng District; 66.3% of cultivated land in

Rizhao City is located in Juxian County andWulian County. The

HHI grade of cultivated land in other cities is low concentrated

distribution, among which, the HHI value of cultivated land in

Dezhou, Linyi and Jining is 1.0, and the HHI grade is uniform

distribution, which shows that the cultivated land in these cities is

scattered and uniform in the city range. The average value of HHI

of cultivated land in three periods in the lower reaches of the

Yellow River is 0.16, and its spatial distribution concentration

degree is low, showing no obvious concentration trend, which

shows that cultivated land is not concentrated in some cities in

this region, and the distribution of cultivated land resources in

the whole region is relatively uniform and reasonable.

During the period from 2000 to 2020, the concentration level

of grain production distribution in the lower reaches of the

Yellow River is not completely consistent with the

concentration level of cultivated land. For example, the HHI

grade of grain production in Rizhao, Dongying, Qingdao and

Weihai is relatively high, and the HHI grade of grain production

in Rizhao is highly concentrated Within three periods. The HHI

of grain production in Dongying in 2010 is as high as 0.46, and

the HHI value of grain production in Qingdao has been

continuously improved until it reaches 0.30 in 2020. The

average HHI of grain production in Weihai in three periods

also approached 0.3. According to the grain production data of

these cities in 2020, 44.1% of Rizhao City’s grain production is

produced in Juxian County, 60.7% of Dongying City’s grain
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FIGURE 4
Spatial distribution concentration of cultivated land and grain production.

FIGURE 5
Barycenter and standard deviation ellipse of cultivated land and grain production.
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production is produced in Guangrao County and Lijin County,

47.1% of Qingdao City’s grain production is produced in Pingdu

City, and 62.0% of Weihai City’s grain production is produced in

Wendeng District and Rushan City, so the grain distribution in

these cities is relatively concentrated. The HHI grade of grain

production in Zibo and Zaozhuang is moderately concentrated

distribution, while the HHI grade of grain production in other

cities is low concentrated distribution. The average HHI of grain

production in Jining, Linyi and Dezhou is 0.10, 0.10 and

0.11 respectively, which are almost close to the state of

uniform distribution. From the internal composition of grain

production in these prefecture-level cities, it can be seen that

grain production is not concentrated in a few districts and counties,

but relatively evenly distributed in each district and county of the

prefecture-level city. The average value of HHI of total grain

production in three periods in the lower reaches of the Yellow

River is 0.19, which is slightly higher than the average value of HHI

of cultivated land in the whole region. The spatial distribution

concentration of grain production tends from low to medium

concentration, which shows that grain production in the lower

reaches of the Yellow River is not very evenly distributed, and there

are still great differences in grain production among different cities.

As shown in Figure 5, during the period from 2000 to 2020,

the spatial movement trend of cultivated land center of gravity

and grain production center of gravity in the lower reaches of the

Yellow River showed completely different characteristics. The

center of gravity of cultivated land only shifted by 796 m to the

east, and the position of cultivated land center of gravity was

relatively stable. However, the center of gravity of grain

production moved westward by 32,203 m, and the center of

gravity of grain production showed an obvious trend of

“westward shift”. In the past 20 years, the focus of cultivated

land has always been in Boshan District of Zibo City, while the

focus of grain production has been in Laiwu District of Jinan

City. The shifting trend and range of the grain production center

of gravity in the lower Yellow River is much larger than the

change of cultivated land center of gravity, which shows that the

grain production pattern has obvious trend change compared

with the change of cultivated land spatial and temporal

distribution pattern in this area. During the 30 years from

2000 to 2020, the obvious trend of “westward shift” of grain

production center of gravity in the lower reaches of the Yellow

River also shows that the grain production of western cities

contributes more and more to the whole lower reaches of the

Yellow River, especially the grain production of western cities

such as Heze, Dezhou, Liaocheng and Jining rank in the forefront

of the whole region, and the growth rate in the past 20 years is

very obvious. The grain growth rate of Heze and Dezhou is more

than 120%, which plays a leading role in the grain pattern of the

whole western region. In the past 20 years, the area of standard

deviation ellipse of cultivated land use has increased by 1.2%,

while that of standard deviation ellipse of grain production has

only increased by 0.6%. This phenomenon shows that the spatial

distribution of cultivated land in 2020 is more dispersed and the

coverage is larger than that in 2000, while the spatial distribution

of grain production has not changedmuch in the past 20 years. In

the past 20 years, the rotation amplitude of the standard

deviation ellipse of grain production is larger than that of

cultivated land. The rotation angle of the standard deviation

ellipse of grain production inclines from 62.4° in 2000 to 58.7° in

2020, resulting in a change of 3.7°, and the axis of the ellipse

shows an obvious counterclockwise rotation trend. At the same

time, the cultivated land standard deviation ellipse only changed

by 0.4°, and the cultivated land standard deviation ellipse in the

third period changed very little. In the process of social and economic

development in the lower reaches of the Yellow River, this unbalanced

development trend of grain spatial distributionmust be highly valued,

not only fully coordinate the contradiction of land use between grain

areas and industrial areas, but also fully consider how to better meet

the grain demand within and outside the region under the realistic

background of “transferring grain from north to south".

The standard deviation elliptic model mainly reveals the

global characteristics of the spatial distribution of the research

object, and quantitatively interprets the information such as

centrality, directivity and extended direction deviation. In

order to further understand the regional spatial clustering

pattern of grain production in the lower Yellow River region,

the global Moran’s I index of grain production in the lower

Yellow River region was calculated to be 0.57 by using the global

spatial autocorrelation method, which shows that the grain

production in the lower Yellow River region is obviously

clustered in space. However, the global spatial autocorrelation

analysis can not reflect the clustering distribution of grain

production in various cities in the lower reaches of the Yellow

River. Therefore, according to Formula (8), the Local Moran’s I

index and LISA distribution map are calculated to reflect the

spatial agglomeration degree and distribution characteristics of

grain production in the lower reaches of the Yellow River. The

specific results are shown in Figure 6.

It can be seen from Figure 6 that the grain production in the

lower reaches of the Yellow River has obvious spatial

agglomeration distribution characteristics. Among them,

Lingcheng District, Leling County, Pingyuan County, Linyi

County, Shanghe County, Yucheng City, Gaotang County,

Linqing County, Chiping District, Guanxian, Dongchangfu

District, Yanggu County, Shenxian County and other counties

in northwestern Shandong are HH areas, indicating that the

grain production level of these counties is relatively high, and the

grain production level of their neighboring areas is

correspondingly high. Juancheng County, Yuncheng County,

Juye County, Mudan District, Dongming County, Dingtao

District, Cao County and Shan County in Southwest

Shandong Province are HH areas, which also shows that the

grain production level of these counties is relatively high, and the

grain production level of their neighboring areas is

correspondingly high. However, only Pingdu city and Gaomi
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city show HH clustering in the eastern region, and HH clustering

in the eastern region is not obvious on the whole. Penglai District,

Zhifu District, Fushan District, Lai Shan, Qixia City, Muping

District and other districts and counties are LL areas, which

indicates that the grain production level of themselves and

surrounding cities is weak, reflecting that the low-value

concentration area of grain production in the lower reaches of

the Yellow River is mainly distributed in Jiaodong area; In

addition, Laoshan District, Shinan District and Shibei District

are also LL areas. Zichuan District, Boshan District, Yiyuan

County and Gangcheng District in central Shandong, Lixia

District and Shizhong District, which belong to Jinan, the

provincial capital, are all LL areas.

4.3 Sensitivity analysis of cultivated land
and grain production

According to the combination of grain production and

cultivated land area changes in 2000–2010 and 2010–2020, the

lower reaches of the Yellow River are divided into four patterns:

① The cultivated land area increases and the grain production

increases. ②The cultivated land area decreases and the grain

production decreases. ③The cultivated land area increases and

the grain production decreases. ④The cultivated land area

decreases and the grain production increases, as shown in

Figure 7. During the two periods of 2000–2010 and

2010–2020, the cultivated land area in the lower reaches of

the Yellow River continued to decrease, and there was no type

① and③. During the period from 2000 to 2010, only Dongying

City belongs to the situation ② that cultivated land area

decreases and grain production also decreases, while other

cities belong to the situation ④ that cultivated land area

decreases and grain production increases. The reason is that

China’s grain production is highly dependent on cultivated land

planting area (Wang and Xin, 2017). Historically, grain yields in

eastern China have increased around 2% per year, largely due to

improved varieties, mechanization, and improving management.

During this period, the cultivated land area in Dongying City

decreased by 14.2%, far exceeding that in other prefecture-level

FIGURE 6
Spatial agglomeration and distribution of grain production.
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cities. Under certain agricultural planting level and farmland

management experience, the sharp reduction of cultivated land

area in Dongying City will inevitably lead to a decrease in grain

production. However, the reduction of cultivated land in other

cities is a slow process. With the continuous improvement of

agricultural science and technology level, more refined field

management, the use of chemical fertilizers, the continuous

improvement of agricultural water conservancy facilities and a

FIGURE 7
Sensitivity analysis of grain production and cultivated land area change. (A) year 2000–2010, (B) year 2010–2020.
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series of other reasons, the cultivated land area in most cities has

decreased, but the total grain production is still increasing.

During the period of 2010–2020, there are 10 cities, which

belong to the situation ② that the cultivated land area

decreases and the grain production also decreases. Among

them, the cultivated land area of Zibo, Jinan, Linyi, Rizhao,

Zaozhuang decreased by more than 10%, which led to the

increase of grain production in the previous period to the

decrease at present. The cities with increased grain production

are all distributed in Dezhou, Liaocheng, Heze, Jining, Binzhou

and Dongying in the western region. These cities are located in

the coastal areas of the lower reaches of the Yellow River, with

relatively flat terrain, high degree of agricultural mechanization

and high reclamation efficiency, and a large amount of high-

quality land is suitable for agricultural planting. Especially in

Heze City and Dezhou City, the total grain production ranks in

the forefront, and the total grain production of the two cities

accounts for 28.5% of the grain production of the whole region. It

can be seen from the above analysis that the lower reaches of the

Yellow River presents an unreasonable trend that the cultivated

land area continues to decrease and the spatial distribution of

grain production is uneven, and the grain production in most

cities is sensitive to the change of cultivated land area.

According to the sensitivity analysis model, the sensitivity

index value can reflect the sensitivity of grain production to the

change of cultivated land area. The sensitivity of district and

county administrative units is divided into four grades (Yang

et al., 2016), which are: β ≤ 0 is an insensitive area; 0 < β ≤ 5 is a

low sensitive area; 5 < β ≤ 10 is a moderately sensitive area; β >
10 is a highly sensitive region. The sensitivity distribution maps

of grain production and cultivated land area change in district

and county administrative units in 2000–2010 and

2010–2020 are shown in Figures 7A,B. It can be seen that

during the period from 2000 to 2010, the grain production of

93 districts and counties was insensitive to the change of

cultivated land, accounting for 68.38%, 18 districts and

counties were low sensitive to the change of cultivated land,

seven districts and counties were moderately sensitive to the

change of cultivated land, and 18 districts and counties were

highly sensitive to the change of cultivated land, among which

the sensitivity indexes of Ningyang County, Qihe County,

Changle County and Juxian County all exceeded 100. It can

also be seen from Figure 7A that the most sensitive districts and

counties are distributed in the hilly and mountainous areas in

central and southern Shandong. These districts and counties are

limited by the influence of mountainous and hilly topography.

Most cultivated land plots are small, the distribution is

fragmented, the agricultural infrastructure is relatively

backward, modern agricultural machinery and equipment

cannot be used in large-scale planting activities, and the

management level of individual farmers is low. Therefore,

once the cultivated land area is reduced, the grain

production will be significantly reduced. During 2010–2020,

the number of insensitive districts and counties decreased to 49,

accounting for only 36%. During this period, the grain

production of many districts and counties began to change

from insensitive to sensitive to the change of cultivated land,

73 districts and counties were low sensitive to the change of

cultivated land, 12 districts and counties were moderately

sensitive to the change of cultivated land, and two districts

and counties were highly sensitive to the change of cultivated

land. During this period, although the whole cultivated land

area decreased to a certain extent, with the promotion of land

remediation and development projects, the soil conditions of

cultivated land and the conditions of agricultural water

conservancy and mechanized facilities have been improved

to a great extent. The grain production in most areas will be

sensitive to the change of cultivated land area reduction, but the

degree of influence is not very significant, and the middle and

high sensitive areas obviously have a gradual decreasing trend.

Therefore, as one of the main grain producing areas in China,

the lower reaches of the Yellow River should make reasonable

policies in controlling the decreasing trend of cultivated land

area and improving the level of agricultural modernization

facilities to improve agricultural production efficiency and

ensure regional food security.

5 Conclusion

From the perspective of remote sensing and geographic

information technology, using the latest GlobeLand30 data to

extract the cultivated land distribution data of the lower Yellow

River in 2000, 2010 and 2020, the spatial distribution of

cultivated land use and the cultivated land transfer pattern,

the spatial distribution concentration degree and directional

distribution characteristics of cultivated land and grain

production, and the sensitivity analysis of grain production

to the change of cultivated land area in the lower reaches of the

Yellow River are obtained:① The land type with the largest area

transferred from cultivated land in the lower Yellow River is

artificial surface, and its regional distribution is scattered; At the

same time, the land type with the largest area transferred into

cultivated land is still artificial surface, which is directly related

to the rural land remediation measures implemented by the

government. ② During the period from 2000 to 2020, the HHI

grade of cultivated land in the lower reaches of the Yellow River

was moderately concentrated and below, and there was no

obvious concentration trend; the concentration degree of

grain production distribution in the lower reaches of the

Yellow River is higher than that of cultivated land, such as

Rizhao, Dongying, Qingdao and Weihai, where the HHI grades

of grain production are higher; The center of gravity of

cultivated land in the lower reaches of the Yellow River is

relatively stable, while the center of gravity of grain production

shows an obvious trend of “westward shift”. ③ During
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2000–2010, the grain productions of 68.38% of districts and

counties were insensitive to the change of cultivated land, while

the grain productions of 18 districts and counties were highly

sensitive to the change of cultivated land, mostly distributed in

the hilly and mountainous areas of central and southern

Shandong; During 2010–2020, the proportion of insensitive

districts and counties decreased to 36%, and the middle and

high sensitive areas obviously showed a gradual decreasing

trend.

Based on GlobeLand30 remote sensing image technology,

this study can effectively reveal the temporal and spatial

dynamic changes of cultivated land use and grain production

in the lower reaches of the Yellow River. At present, the study

only focuses on the sensitivity of total grain production to the

change of cultivated land area in the lower reaches of the Yellow

River, but there is no in-depth study on grain production of

different planting types and “non-grain” land use. Meanwhile,

the average annual grain yields growth rate of 2% in eastern

China due to improved varieties, mechanization, and

improving management also needs to be further considered

as the effect on G and beta in future studies. Therefore, on the

basis of analyzing the overall law of temporal and spatial

dynamic changes of cultivated land use and grain production

in the lower reaches of the Yellow River, in the future further

research, we can combine other higher-resolution satellite

images, topographic and meteorological data to carry out

multi-scale and long-time series research on grain

production and “non-grain” of different planting types. At

the same time, although there are some analysis on the

influencing factors of the change of cultivated land and grain

production, the analysis of special influencing factors is the

direction of further research in the future, which can provide

scientific reference for further rational development, utilization

and decision-making of cultivated land resources in the lower

reaches of the Yellow River and promoting the high-quality

development of the Yellow River Basin.
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