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Abstract: Systematically revealing the impact of cultivated land fragmentation (CLF) on the
geographical agglomeration pattern of agricultural specialization (AS) has positive signifi-
cance for national agricultural production management. Based on the data of the second
national land survey and agricultural production, this study has explored the impact of CLF on
spatial heterogeneity of agricultural agglomeration in China by comprehensively using the
Theil index, ordinary least square model and geographically weighted regression. Results
showed that: (1) the regional differentiation of the CLF in China is obvious, and the cultivated
land fragmentation index is generally characterized by increasing pattern from northwest to
southeast. (2) Spatially, the development level of AS in China has formed three high-value
clusters in the Northeast China Plain, the Qinghai-Tibet Plateau, and the middle of the Mid-
dle-lower Yangtze Plain; and the low-value contiguous areas centered on the Yun-
nan-Guizhou Plateau and the Sichuan Basin and surrounding regions, with significant spatial
differences. The contribution of grain crops, economic crops, and vegetables and melon to
the level of AS was 74.63%, 9.09%, and 16.28%, respectively, and the pattern of agricultural
geographical aggregation dominated by grain crops has primarily taken in shape. (3) CLF is
significantly negatively correlated with AS, and every 1% increase in the degree of CLF will
result in a decrease of about 0.2% in AS. However, the impact of CLF on the geographic ag-
glomeration of different crop categories or groups varies significantly. Among them, CLF has
a prominent impact on the specialization level of grain crops and vegetables and melon. Each
1% increase in the CLF will reduce the specialization level of grain crops by 0.38%, and in-
crease the level of vegetables and melon by about 0.22%. (4) According to the landscape
characteristics of cultivated land, the degree of spatial division and agglomeration of culti-
vated land patches have a significant impact on the formation of geographical agglomeration
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pattern of AS, and the intensity and direction of influence show significant regional differen-
tiation, while the patch size has no significant impact.

Keywords: cultivated land fragmentation; agricultural specialization; regional differentiation; impact

1 Introduction

The special land distribution system and the basic national conditions with more people and
less land and uneven distribution of resources determine that the phenomenon of cultivated
land fragmentation (CLF) will exist in China for a long time and will have an important im-
pact on China’s agricultural development (Liu et al., 2019a). Especially in the current back-
ground of small-scale peasant economy, the fragmented cultivated land utilization pattern
has hindered the development of modern agriculture to a certain extent, resulting in the de-
cline of agricultural production efficiency and the weakness of international competitiveness.
Although a certain degree of CLF plays a positive role in reducing the agricultural produc-
tion risk and enriching the structure of agricultural planting (Liu ez al., 2019b).

Practices of agricultural development in developed countries show that the specialization
of agricultural land use based on regional comparative advantages is the essential feature
and important symbol of agricultural modernization (Wang and Zhu, 2017). The specializa-
tion of agricultural land use, which is characterized by the transformation of agricultural
land use types in a specific region from diversification to simplification and from decen-
tralization to centralization (Wang and Zhu, 2018), is conducive to breaking through the re-
striction of the operation scale of individual farmers and establishing the geographical sym-
bol of agriculture, thereby achieving economies of scale and division of labor and improving
the international competitiveness of agriculture (Chen et al., 2013). Presently, the use of ag-
ricultural land in major developed countries such as the United States, France, Japan, and the
United Kingdom has been generally specialized (Chen et al., 2013; Wang and Zhu, 2018),
and a variety of agricultural products specialized planting or production areas have been
formed, such as the corn belt in the north-central United States and the cotton belt in the
south, the grain planting belt in Paris Basin of France and grape planting and processing belt
in Champagne, etc. Conversely, owing to the interactive effects (Hartvigsen, 2014; Liu et al.,
2019a) of natural environment characteristics, resource endowments, economic strategies,
and cultural tradition, the fragmented pattern of cultivated land use and the traditional agri-
cultural management mode dominated by peasant households and characterized by
small-scale and scattered have led to a certain degree of slow development of China’s agri-
cultural land-use specialization and modern agriculture. Therefore, clarifying the spatial dif-
ferentiation characteristics of CLF and agricultural specialization (AS) in China and the im-
pact of CLF on AS can provide helpful information for advancing the development of agri-
cultural specialization and modernization.

As a successful spatial organization form of resource elements, AS has become the back-
bone of promoting regional and national agricultural development, and has been widely
concerned by the international community. Schultz, an American economist and Nobel lau-
reate in economics, paid attention to the regional division and specialization of agriculture
earlier (Schultz, 1951). Scholars such as Krugman (1991) and Porter (1998) demonstrated
the critical role of planting industry specialization in increasing income and cluster competi-
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tion from the perspective of improving regional competitiveness and meeting the challenges
of globalization. Klasen ef al. (2016) and de Roest ef al. (2018) had discussed the trade-offs
between economic benefits and ecosystem functions of agricultural specialization, and the
differential effects of specialized economies of scale and diversified economies of scope on
agricultural development paths based on the differences in spatial scale. On the whole,
scholars around the world have discussed the pattern, process, impact and significance of AS
in terms of spatial differences, influencing factors, evolutionary trends and economic effects,
and its internal relations with agriculture transformation (Shahe and Shilpi, 2007; Minten et
al., 2013; Wang and Zhu, 2017; Wang and Zhu, 2018; Yang et al., 2018). The research ob-
jects of AS are mostly focused on a specific specialized agglomeration area or village of
planting industry, such as the mushroom industry chain in Xixia County of Henan Province
(Wu et al., 2017) and the vegetable industry cluster of Shouguang in Shandong Province
(Zhou et al., 2012). Meanwhile, constrained by data acquisition and research methods, the
current research scale of AS is mainly concentrated in meso- or micro-scale such as counties,
towns, villages, and farmers. The limited macro-scale AS studies mostly take the provincial
administrative units as the calculation unit (Wang and Zhu, 2017), resulting in its spatial ac-
curacy and conclusions yet to be improved. Overall, the above series of studies have played
a positive role in deepening the understanding of the specialization of regional planting in-
dustry. However, AS in the current study is mostly regarded as a regional division of agri-
cultural production activities under the existing resource conditions, while little attention has
been paid to the effects of specific resource endowments on AS. In particular, the realistic
dilemma of CLF and the urgent need to accelerate the development of AS further highlight
the strategic significance of scientific understanding of the spatial pattern characteristics and
interactions of CLF and AS in China. The solution of these issues will be of great signifi-
cance to the formulation of cultivated land use policy and the cultivation of agricultural in-
dustrial clusters during China’s transformation from traditional agriculture to modern agri-
culture.

As such, this study firstly clarified the connotation of cultivated land landscape fragmen-
tation at the macro-scale. Secondly, a comprehensive evaluation model of CLF was estab-
lished by considering the landscape pattern characteristics of cultivated land patches in area,
shape and spatial distribution. Finally, based on the data of land use and agricultural produc-
tion, the spatial differentiation of CLF and AS in China and the effects of CLF on agricul-
tural agglomeration were systematically explored on the scale of prefecture-level cities by
comprehensively using the Theil index, ordinary least square model and geographically
weighted regression.

2 Materials and methods

2.1 Variable measurement

2.1.1 Cultivated land fragmentation

(1) Connotation of cultivated land fragmentation (CLF)
Traditional studies on CLF have paid more attention to the fragmentation of property
rights at the household/farmer scale, focusing on linking CLF with the transfer of agricul-
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tural land and rural labor based on land property rights to assess the effect of CLF on ag-
ricultural production or reveal the geographical differences of CLF (Sklenicka et al., 2014;
Ciaian et al., 2018; Looga et al., 2018). With the deepening of research endeavors, CLF’s
connotation and its multi-attributes in diversity, hierarchy, and scale-dependence based on
the changes in social groups and cultivated land functions (Song et al., 2015) have aroused
extensive attention of the international community. For example, Hartvigsen (2014) and
Gonzalez et al. (2007) have proposed a multi-level assessment framework of CLF cover-
ing ownership fragmentation, resource fragmentation and utilization fragmentation. Liu et
al. (2019a) and Liu et al. (2019b) have proposed the spatial-scale analysis framework of
CLF including the fragmentation of land ownership and farmland utilization modes in mi-
cro-scale and the fragmentation of landscape pattern in area, shape, and spatial distribution
in macro-scale, based on the differences in the spatial-hierarchy of cultivated land func-
tions.

In summary, there is no single commonly agreed definition of CLF (Liu et al., 2019a;
Ntihinyurwa et al., 2019). In the context of the call to use resources and the environment
more efficiently and sustainably to promote sustainable development (Liu et al., 2019a), in
addition to the traditional CLF in terms of property rights presented as a high number of
farmed plots or as a high number of plot co-owners (Ciaian et al., 2018), the fragmented
characteristics on the landscape pattern of cultivated land in terms of location, size distribu-
tion and shape of land plots, distances between plots, and spatial distribution have also at-
tracted widespread attention in the academic circles (Latruffe and Piet, 2014). Therefore,
unlike previous studies on CLF focusing on fragmentation of land property rights at the mi-
cro-scale, this study focuses on the landscape pattern characteristics of cultivated land for
macro-scale. Referring to the previous researches (Hartvigsen, 2014; Liu et al., 2019a,
2019b), the landscape fragmentation of cultivated land at the macro-scale in this study (he-
reinafter referred to as CLF) is understood as: Driven by natural or human-made factors such
as natural conditions, agricultural production conditions and socio-economic development,
cultivated land resources in a certain region possess the comprehensive characteristics of
differentiated landscape patterns in patch size, shape, and spatial agglomeration. Regional
cultivated land resources generally present a landscape pattern characteristic with smaller
patch size, complex and irregular shapes, and discrete and fragmented spatial distribution.

(2) Assessment of cultivated land fragmentation

Based on the above theoretical understanding, this study finally selected three indicators,
namely average plot size (4PS), edge density (ED), and aggregation index (4/) (Ciaian et al.,
2018; Liu et al., 2019a), to characterize the landscape pattern characteristics of regional cul-
tivated land in terms of patch size, shape, and spatial distribution. This study assumes that
the smaller the 4PS, the higher the ED, and the lower the A/ of the cultivated land resources
in a certain area, so the higher the degree of CLF. On this basis, the calculation method of
cultivated land fragmentation index (CLFI) is shown in formula 1.

CLFI = 1—[APS X w 4ps + AI x w1+ EDX wy,, (1)

where w,ps, Wy, and wgp represent the corresponding weights of APS, Al, and ED, respec-
tively. We consider that plot size, spatial agglomeration level and shape regularity of re-
gional cultivated land resources are equally important for CLF, as such, wyps=w =wgp=1/3.
Among them, the calculation process of APS, Al and ED is based on formula 2.
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where LA and NP represent the total area and number of patches of the research unit respec-

APS=LA/NP AI = {1 + }XIOO ED=P/LA )

tively; P; represents the perimeter of the patch i; and P represents the total perimeter of cul-
tivated land patch.

2.1.2 Agricultural specialization (AS)

(1) Specialization Index of Hirschman-Herfindahl

Referring to relevant studies (Wang and Zhu, 2017, 2018), Specialization Index of Hir-
schman-Herfindahl (SHHI) is used to reflect the development level of regional AS, and its
calculation formula is shown in formula 3.

SHHI =Y S; €)
j=1
where Sj; represents the proportion of the area of agricultural land use type j in the total area
of all agricultural land in area i. n denotes the number of agricultural land use types. The
value range of SHHI is between 1/n—1. The higher the value of SHHI, the higher the level of
regional agricultural specialization.
(2) Classification of agricultural land use types
As the calculation of SHHI needs a complete dataset of all types of agricultural land use,
we identify the planting industry according to the classification system including division,
category, group, and type. This classification system reflects the gradient evolution of plant-
ing information from comprehensive to specific. Initially, 30 types of agricultural land use
were considered when preparing for SHHI, specifically including rice, wheat, corn, millet,
sorghum, highland barley, barley, sonja, mung bean, adzuki bean, potato, sweet potato, pea-
nuts, rapeseeds, sesame, sunflower, cotton, jute and ambary hemp, ramee, hemp, sugarcane,
beetroots, flue-cured tobacco, tea plantations, medicinal materials, vegetables, orchards, or-
ganic fertilizer, flowers, and spices. Considering the challenge of obtaining the above com-
plete data set in reality, only the most important types of agricultural land use are usually
considered in practice (Wang and Zhu, 2017; Wang and Zhu, 2018). Therefore, the above 30
types of agricultural land use were arranged in reverse order of planting area, and the cumu-
lative proportion of the total area of the top n types of agricultural land use in the total area
of all types of agricultural land use was counted. When the value of n is 13, the cumulative
ratio of crop planting area to the total agricultural land area is as high as 95.39%, and the
increase of n does not significantly supplement the effective information, indicating that the
first 13 agricultural land use types can reflect more than 95% of China’s agricultural land
use information. As such, 13 specific types of crops are determined in this paper. On this
basis, the groups of 13 specific types of crops and the categories are determined according to
the Industrial Classification and Codes for National Economic Activities (GB/T4754-2002)
and previous studies (Liu et al., 2016; Wang and Zhu, 2017; Wang and Zhu, 2018), and the
planting area data of planting groups and categories were further collected to calculate SHHI.
Table 1 shows the classification of China’s planting industry.

2.2 Assessment of regional differences

This paper analyzes the regional differences of CLF and AS by Theil index (7) (Hartvigsen,
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Table 1 Classification of planting industry in China

Division (1) Category (3) Group (10) Type (13)

Cereal, soybeans, tubers,
oil-bearing crops, cotton, sugar
crops, tobacco, tea, vegetables,
melon and fruit crops

Grain crops, economic
crops, vegetables and
melon

Rice, wheat, corn, sonja, potato, peanuts,
rapeseeds, cotton, sugarcane, tea,
flue-cured tobacco, vegetables, orchards

Planting in-
dustry

2014). Taking CLF as an example, the formula of Theil index is given by:

P
7= [(/p)x(y; /u,)XIn(y, /uy)] “

i=1
where T represents the total difference of CLF; p denotes the number of research units; Y;
indicates the CLFT of unit i; u, is the average value of CLFI at national scale. The value
range of T is T € [0, Inp] and increases monotonically. A larger value of T suggests
stronger the regional heterogeneity of the corresponding elements.

According to the regional differential laws of agricultural development in terms of pro-
duction conditions, characteristics, and development directions, Resource and Environment
Data Cloud Platform of Chinese Academy of Sciences has released agricultural regionaliza-
tion scheme in China, which divides China into nine agricultural regions (Figure 1). There-
fore, this paper analyzes the spatial characteristics of CLF and AS from the aspects of in-
ter-regional differences of Theil index (Tiner) and intra-regional differences (7inya) based on
China’s agricultural regionalization scheme.

T=T; inter+Tintra (5 )

T =1,/ )% (U, 1 10,) X0, /0] ©)

i=1
where m represents the number of regional groups; p; is the number of research units in re-
gion i; P represents the total number of research units; /; is the average value of CLFI in re-
gion i.

A. Northeast China Plain

B. Huang-Huai-Hai Plain

C. Middle-lower Yangtze Plain

D. Southern China

E. Yunnan-Guizhou Plateau

F. Sichuan Basin and surrounding
regions

8 G. Loess Plateau

. H. Northern arid and semiarid region

¥ 1. Qinghai-Tibet Plateau

DEM (m)
- High: 8305
S Low: 264

0 500 km
I

Figure 1 Agricultural regionalization scheme in China
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2.3 Analysis model of the impact of cultivated land fragmentation on agricultural
specialization

2.3.1 Ordinary least square (OLS)

OLS is used to identify the average relationship between independent and dependent vari-
ables from a global perspective (Yang et al., 2019). The regression equation is as follows:

N
y=ﬁ0+2ﬂnxn+u (7)
n=l1

where y is SHHI, the dependent variable; S, is a constant; N is the number of independent
variables; f, denotes the regression coefficient, and x is a random error perturbation term
subject to a normal distribution.

2.3.2 Exploratory spatial data analysis

Moran's / index and Getis-ord general G index (Anselin, 1995; Getis and Ord, 1992) are
used to determine whether there was spatial agglomeration of CLF and its landscape pattern
characteristics, i.e., APS, ED, and Al. Taking the CLFI as an example, the calculation me-
thod is as follows.

(1) Moran's / index

1=>"%"w,;(CLFI, - CLFI)(CLFI, — CLFI)/ §* 3" " w, (8)

i=l j=1 i=1 j=1
where Wj; is a spatial weight matrix; n is the number of samples; CLFI; represents the CLF
of the i-th research unit; CLFI represents the average value of CLFI; S represents the vari-

ance between CLFI; and CLFI .

Moran's /e [-1, 1]. At a given level of significance, if Moran's / > 0, it means that regions
with higher (or lower) CLF have a significant spatial agglomeration; otherwise, there is a
significant spatial difference between the region and its surrounding areas. If Moran's [/ is
close to 0, it indicates that CLF is random and the spatial correlation is weak.

(2) Getis-ord general G index

G(d)=Y.> w;XCLFI,xCLFI, | 3> CLFI,xCLFI i # )

i=1 j=I1 i=1 j=1
Under the condition of normal distribution, the test statistic of G(d) is Z(G) =[G—E(G)/
JVar(G) 1, where Var(G) is the coefficient of variation. When G(d) > E(G), and the Z value

is significant, this indicates that there is a spatial clustering of high-value clusters; otherwise,
there is a phenomenon of spatial clustering of low-value clusters.

2.3.3 Geographically weighted regression (GWR)

In the case of spatial aggregation of independent variables, GWR is further used to estimate
the local parameters to explore the spatial variation of the impact of CLF on AS. The struc-
ture of GWR is as follows (Yang et al., 2019):

q
Vi :ﬂ(](ui’vi)—i—Zﬁm(ui’v[)xim +£; (10)

m=1
where y; and x;, are dependent variable and independent variable respectively; (u;, v;) is the
geographic coordinates of the i-th sample; f,,(u;, v;) is the value of continuous function S,,(u,
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v) in the i-th sample; So(u;, v;) is the intercept of regression equation; ¢ is the number of in-
dependent variables; and ¢; is the random error.

3 Results and analysis
3.1 Spatial differentiation characteristics of cultivated land fragmentation in China

On the whole, Heihe-Tengchong Line, also known as Hu Huanyong Line, has shaped the
spatial heterogeneity of China’s CLF, showing a gradual increase from northwest to south-
east, with obvious regional differences (Figure 2). Spatially, CLF in the eastern region is
significantly higher than that in the western region, while that in the southern region is sig-
nificantly higher than that in the northern region (Figure 2d).

The contribution of inter-regional and intra-regional differences of CLF to the total dif-
ference at the national scale is both 50%, indicating that the endowments of cultivated land
in China vary greatly, and the issues of CLF are complex and diverse. In terms of fractal
dimensions of CLF, the Theil index of APS, ED, and Al were 0.332, 0.121, and 0.174, re-
spectively, and the corresponding inter-regional differences contributed 57.83%, 54.55%,
and 32.76% to the total difference, respectively. The above results indicate that the spatial
difference of the patch size of cultivated land in China is the largest, followed by the spatial
agglomeration level, and the patch segmentation is the smallest. Meanwhile, the spatial dif-

(a) Average plot size
—— Heihe-Tengchong Line

(b) Edge density
—— Heihe-Tengchong Line
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Figure 2 Spatial differentiation of cultivated land fragmentation in China
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ferences in patch size and patch segmentation of cultivated land mainly occurred among
agricultural divisions, while the spatial agglomeration level of patches mainly occurred
within agricultural divisions.

According to the spatial differences of CLF in different agricultural subregions (Figure
3a), the order of CLFI from high to low is as follows: Southern China (SH) > Sichuan Basin
and surrounding regions (SBSR) > Middle-lower Yangtze Plain (MLYP) > Loess Plateau
(LP) > Yunnan-Guizhou Plateau (YGP) > Huang-Huai-Hai Plain (HHHP) > Northeast China
Plain (NCP) > Qinghai-Tibet Plateau (QTP) > Northern arid and semiarid region (NASR). In
terms of spatial difference structure of CLF in each agricultural subregion (Figure 3b), the
order of Theil index of CLF is: NCP > NASR > QTP > SH = MLYP = HHHP > YGP >
SBSR = LP, and the contribution of intra-regional differences of CLF in each agricultural
subregion to the total difference was greater than 50%. The above quantitative results
showed that the intra-regional differences of CLF are the main factors causing the signifi-
cant differentiation of CLF within subregions. Although the endowment of cultivated land
resource in the Northeast China Plain and the Northern arid and semiarid region character-
ized by a low degree of CLF is generally superior, but the spatial unbalance of the endow-
ment of cultivated land within the region is serious. On the contrary, the cultivated land re-
sources in Southern China and Middle-lower Yangtze Plain are relatively homogeneous, but
the degree of CLF with small spatial differences is serious.

0.80 mmm Total difference T-inter 100

@ 0.020F g ®) g T-intra Contribution of T-intra o
& 0.75 1%0 £
O 0.016} g
0.70} w 1% 8
1 13} =
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Figure 3 The difference of cultivated land fragmentation in various agricultural regions of China
3.2 Geographical agglomeration of agricultural specialization in China

In general, China’s AS with significant spatial differences has spatially formed three
high-value clusters in the Northeast China Plain, the Qinghai-Tibet Plateau, and the middle
of the Middle-lower Yangtze Plain; and the low-value contiguous areas centered on the
Yunnan-Guizhou Plateau and the Sichuan Basin and surrounding regions (Figure 4a). The
average value of SHHI of grain crops, economic crops, and vegetables and melon are 0.203,
0.023, 0.039, respectively, which contributed 74.63%, 9.09%, and 16.28% to the specializa-
tion level of China’s planting industry. The Theil index presents the opposite pattern to SHHI,
and expresses as economic crops > vegetables and melon > grain crops. The intra-regional
differences of the three categories of crop are both the main factors constituting the total
differences, accounting for 79.18%, 54.13%, and 64.40% respectively. The cumulative con-
tribution rate of cereals, vegetables, melon and fruit crops, tubers, and oil-bearing crops to
the level of AS is as high as 91.77%, and they are the key crop groups that affected the geo-
graphical agglomeration of China’s AS, and the proportion of intra-regional differences in
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each group to the total difference is both greater than 54.63%. In particular, the contribution
of cereals alone to the development level of AS is as high as 65.90%, indicating that China’s
agricultural geographic agglomeration dominated by grain crops (cereals) is taking shape.
The above results indicate to a certain extent that grain crops have the highest level of spe-
cialization and the smallest spatial difference, while the specialization level of economic
crops is the lowest and the spatial difference is the largest.

Specifically, the specialized production of grain crops is concentrated in the Northeast
China Plain, the Huang-Huai-Hai Plain, the south-central part of the Middle-lower Yangtze
Plain, and the Qinghai-Tibet Plateau (Figure 4b). The contribution of cereal, soybeans, and
tubers to the specialization of grain crops is 88.45%, 4.27%, and 7.28% (Figures 4b1-b3),
respectively, indicating that cereals play a critical role in shaping the geographical agglom-
eration of China’s grain production, and the continuous agglomeration belt of specialized
cereal production along the northeast-southwest direction of the Northeast China Plain —
Huang-Huai-Hai Plain — Middle-lower Yangtze Plain and the cluster of the Qinghai-Tibet
Plateau have been formed in space. In contrast, soybeans production is concentrated in Hei-
longjiang Province in the Northeast China Plain (Figure 4b2), while tubers have formed a
north-south spatial pattern along the central part of the Northern arid and semiarid region —
Sichuan Basin and surrounding regions — central and northern parts of Yunnan-Guizhou
Plateau (Figure 4b3).

The specialization level of economic crops has spatially formed geographical clusters fo-
cusing on the western Northern arid and semiarid region, the northeast of the Qinghai-Tibet
Plateau, the western and eastern Yunnan-Guizhou Plateau, and the Middle-lower Yangtze
Plain (Figure 4c). Oil-bearing crops, cotton, sugar crops, tobacco, and tea contributed
66.33%, 11.41%, 5.18%, 5.32%, and 6.50% to the specialization level of China’s economic
crops (Figures 4cl-c5), respectively, indicating that oil-bearing crops and cotton are the
main crop groups affecting the geographical agglomeration of economic crops. Among them,
oil-bearing crops are mainly concentrated in the central and northern parts of the Mid-
dle-lower Yangtze Plain, the northeast of the Qinghai-Tibet Plateau, the central and north-
eastern parts of Yunnan-Guizhou Plateau, and the Sichuan Basin and surrounding regions
(Figure 4c1). Cotton is mainly distributed in Xinjiang Province in the western Northern arid
and semiarid region and the borders of Tianjin, Hebei, and Shandong in Huang-Huai-Hai
Plain (Figure 4c2).

The contribution of vegetables, and melon and fruit crops to the specialization of vegeta-
bles and melon in China is 72.44% and 27.56% respectively, and three significant clusters
were formed spatially (Figures 4d and 4d1-d2), namely, the cluster of melon and fruit crops
in the west northern arid and semiarid region, the mixed production cluster of vegetables and
melon and fruit crops in the central-eastern Sichuan Basin and Yunnan-Guizhou Plateau, and
the mixed production cluster in eastern coastal zones dominated by the east side of Wuyi
Mountain.

3.3 The impact of cultivated land fragmentation in China on agricultural specialization

3.3.1 Comprehensive analysis of whole samples based on OLS

Table 2 shows the simulation results of OLS based on whole samples. The whole samples
analysis shows that CLF was negatively correlated with SHHI at a significant 1% level,
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Agricultural specialization and the specialization level of different catagories of planting industry
(a) Agricultural specialization (b) Grain crops (c) Economic crops (d) Vegetables and melon
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Figure 4 Spatial differentiation characteristics of agricultural specialization in China

indicating that the specialization level of planting industry decreased with the increase of
farmland fragmentation. In general, every 1% increase in CLF will lead to a decrease of
0.2% in the development level of SHHI. In terms of the impact of CLF on the specialization
of different categories of planting industry, CLF has a significant negative correlation with
the specialization level of grain crops, but a significant positive correlation with the SHHI of
vegetables and melon, and the effect intension of CLF is that grain crops are greater than
vegetables and melon. For example, every 1% increase in the degree of CLF will reduce the
specialization level of grain crops by about 0.38%, and increase the specialization of vege-
tables and melon by 0.22%. In contrast, CLF has no significant impact on the specialization
level of economic crops. In terms of the impact of landscape pattern of cultivated land on AS,
ED of patches has a significant inhibitory effect on the specialized production of grain crops,
especially for cereals and soybeans, indicating that the increased spatial division of plots and
the complexity and irregularity of shapes will lead to the decline of specialized production
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level of grain crops, such as cereals and soybeans. In addition, the specialization level of
soybeans is also positively affected by the agglomeration of cultivated land. In contrast, ED
and A7 have opposite effects on the specialized production level of vegetables and melon. On
the whole, every 1% increase of ED will increase the specialization level of vegetables and
melon by 0.14%, while every 1% increase in A/ will reduce by about 0.17%.

Table 2 Estimation and diagnosis results of ordinary least square model

Landscape characteristics of cultivated land

CLF

Dependent variable APS ED Al

Regress_ion Regress_ion / Regress_ion Regrgsgion p

coefficient coefficient coefficient coefficient
SHHI -0.208""  -3.702 0.104" 1.667  —0.077 -137  -0.168™" -3.123
SHHI of grain crops -0.382"" —6.078 0.057 0.793  —0.199™"  -3.056 0.065 1.054
Cereal -0.259""  —4.070 0.033 -0.463  -0.207"" -3.164  0.057 -0.114
Soybeans —0.120"" -3.838 0.057 1.597  -0.039"" -3.151 0.030™"  2.649
Tubers -0.003  —0.275 0.033™ 2346 0.026 1.095  0.034  1.095
SHHI of economic crops  —0.044  —1.429 0.017" 0.497  —0.025 -0.79 —-0.06" -1.995
Oil-bearing crops —0.013 0.873 0.004 0251  —0.010 —0.623  —0.023 -1.612
Cotton -0.050  -1.876 0.019 0.636  —0.025 —0.93  -0.044" -1.692
Sugar crops 0.009 1.036 -0.003 -0.300  0.006 0.7 0.009 1.037
Tobacco 0.001 0.840 -0.002 -1.613  —0.001 —0.957  0.000 0372
Tea 0.009 2.646 -0.001 -0.189  0.005 1451 —-0.002  —0.646
fni’fgl of vegetablesand 5 gre 5 199 0.030 0879  0.147™ 4778  —0.174™" -5.983
Vegetables 0.166™"  7.425 0.022 0.882  0.115™ 5099 -0.111"" -5.143
Melon and fruit crops 0.052"  2.799 0.008 0.371 0.031" 1.653  —0.063" -3.477

Note: *** ** * denotes significance level at 1%, 5%, and 10%, respectively.

3.3.2 Spatial heterogeneity analysis based on geographically weighted regression

(1) Construction of geographically weighted regression and simulation results

The Moran's / index of CLFI is 0.657, and its G index value is positive. In addition, the
Moran's / index and G index of the three fractal indicators (i.e., APS, ED, and AI) of inte-
grated CLFT are all positive, indicating that there is an obvious spatial agglomeration pattern
of CLFI and its landscape characteristics. It is suggested that GWR should be used to further
detect the spatial differences of the influence of independent variables on dependent vari-
ables, owing to the significant spatial agglomeration among independent variables.

Therefore, GWR was used to carry out the spatial heterogeneity analysis between the
planting industry categories passing the significant test at the 1% level in Table 2 and the
CLF and its landscape characteristics, and the results were shown in Table 3. Compared with
the estimated results of OLS, the average goodness-of-fit of GWR is 0.4367, which is
33.54% higher than that of OLS, indicating that the simulation results of GWR are signifi-
cantly better than those of OLS.
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Table 3 Regression results of geographically weighted regression

Cultivated land fragmentation Landscape characteristics of cultivated land
Dependent variable
Bandwidth Sigma  AICc R’ Bandwidth Sigma AICc R’
SHHI 5.223 0.09 -624.568 0.426 6.598 0.09 —639.02  0.473
SHHI of grain crops 5.223 0.10 —-554.977 0.470 6.598 0.10 551917 0.486
Cereals 5223 0.10 -539.595 0.424 6.598 0.10  —525.532 0.423
Soybeans 5.223 0.05 -1004.853 0.416 6.598 0.05  -970.156  0.378
SHHI of vegetables and melon 5.223 0.05 -993.151 0.432 6.598 0.05 —-1009.978 0.482
Vegetables 5.223 0.04 -1163.867 0.375 6.598 0.04 -1195.699 0.455

(2) Spatial heterogeneity of the impact of cultivated land fragmentation on agricultural
specialization

Based on the results of OLS and GWR, the following focuses on the spatial heterogeneity
of CLF’s impact on the specialization level of the planting industry, the grain crops (i.e.,
cereals, soybeans), the vegetables and melon (vegetables), as well as the spatial differences
of the effects of landscape characteristics of cultivated land such as ED and AI on the spe-
cialization of the above-mentioned planting industry categories (Figures 5 and 6).

The spatial impact of CLF on SHHI formed a negative low-value clusters in the southern
part of Northeast China Plain and the Qinghai-Tibet Plateau, and a positive high-value clus-
ters formed in the central and western parts of Northern arid and semiarid region and the
borders of Yunnan-Guizhou Plateau and Southern China (Figure 5a). Among all the land-
scape characteristics of farmland considered in this study, the A/ of patches has the most
prominent impact on SHHI of planting industry. Besides the southwest of Yunnan-Guizhou
Plateau, the effect intension of A/ presents a spatial pattern that gradually increases from the
eastern coastal zone to northwest inland (Figure 6a). In general, A of patches had negative
inhibitory effect on planting specialization in the central and western regions, and the effect
intensity is significantly higher than that in the eastern coastal zones.

CLF is mainly negatively correlated with SHHI of grain crops, and the spatial pattern of
CLF’s impact on grain crops specialization is basically consistent with that of CLF on cere-
als (Figures 5b and bl). Patches’ ED has a prominent negative inhibitory effect on the spe-
cialization of grain crops. In addition to the western part of the Qinghai-Tibet Plateau, the
spatial patterns of the positive high-value agglomeration areas and negative low-value ag-
glomeration areas affected by £D on grain crops specialization are basically consistent with
the spatial patterns of the impact of CLF on it (Figures 6e and 6g). The above results show
that the weakening of CLF characterized by the decrease of spatial division of patches, will
significantly promote the specialized development and geographical agglomeration of grain
crops, especially cereals, in the southeast coastal zones, the south of Northeast China Plain,
the central and western parts of Northern arid and semiarid region, and the Qinghai-Tibet
Plateau. In contrast, CLF had a negative inhibitory effect on soybeans specialization, and its
influence formed two significant spatial differentiation areas, namely, the positive
high-value clusters in the north of Northeast China Plain (i.e., the northern Heilongjiang
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Province), and the negative low-value clusters in the central and eastern parts of the Qing-
hai-Tibet Plateau, and the effect intension of CLF was significantly higher in the Qing-
hai-Tibet Plateau than in the Northeast China Plain (Figure 5b2). In terms of landscape pat-
tern, both £D and A/ play key roles with obvious spatial differentiation in the geographical
agglomeration of soybeans specialization (Figures 6¢ and 6h), which is negatively inhibited
by the former and positively promoted by the latter.

There is a positive correlation between CLF and the SHHI of vegetables and melon. The
effect intension of CLF on vegetables and melon specialization shows a decreasing trend
from the southeast coastal zones to northwest inland, and a positive high-value agglomera-
tion area is formed in the junction of the Middle-lower Yangtze Plain, the Southern China,
and the Yunnan-Guizhou Plateau (Figure 5c). The above spatial pattern is basically consis-
tent with the pattern of CLF’s impact on vegetables specialization. The difference is that the
low-value impact area of CLF on vegetables specialization further extends to the northwest
inland, and spatially forms positive low-value clusters in Northeast China Plain, Loess Pla-
teau, the northeastern and western parts of the Qinghai-Tibet Plateau, and central part of
Northern arid and semiarid region (Figure 5c1). Both 47 and ED have a prominent impact on
the specialization of vegetables and melon, especially on the specialization of vegetables,
and the impact intensity of both presents a spatial pattern that gradually decreases from the
southeast coast to the northwest inland (Figures 6b, 6d, 6f and 6i). In conclusion, CLF en-
hancement, mainly characterized by the weakening of spatial agglomeration and enhance-
ment of spatial segmentation of patches, has limited promotion on the specialization of
vegetables and melon in the Northeast China Plain and the northwest inland areas, but can
significantly drive the specialized production and geographical aggregation of vegetables
and melon in the southeast coastal zones.

(a) SHHI of planting industry (b) SHHI of grain crops (c) SHHI of vegetables and melon
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Figure 5 Distribution of regression coefticients of the impact of cultivated land fragmentation on planting spe-
cialization in China
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Figure 6 Spatial distribution of regression coefficients of the impact of cultivated land landscape characteristics
on planting specialization in China

4 Discussion
4.1 The impact of basic data on results

Restricted by basic data, index quantification and research methods, present studies on CLF
and its impact primarily focus on meso- or micro-scale, such as counties, towns and villages,
and farmers. As far as we know, this study is the first attempt to provide new ideas for the
formulation of cultivated land use policies and the cultivation of agricultural industrial clus-
ters in the new era by comprehensively measuring the status of CLF at the national scale and
the spatial pattern of planting specialization. However, there are some uncertainties in the
estimation results of CLF and planting specialization due to the lack of timeliness of basic
data. The cultivated land use data in this paper is from the second national land survey data-
base (2011). On this basis, we further collected the crop planting area data of each research
unit in 2011 from the corresponding provincial and municipal statistical yearbooks and rural
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statistical yearbooks in 2012 to match the collection period of cultivated land use data. Al-
though the land survey results with a spatial resolution of 1:10000 to a certain extent ensure
the accuracy and authenticity of the measurement results of CLF during the study period,
objectively, there are some deficiencies in the timeliness of data, which makes the evaluation
results of CLF lag behind the current farmland utilization information to some extent. Simi-
larly, the timeliness of the crop planting area data may also lead to the uncertainty and lag of
the estimation results of the planting industry specialization to a certain extent.

4.2 Comparison with related studies

This study collected relevant studies on CLF and AS to compare with this study to test the
time-effectiveness of basic data.

As for the previous studies on CLF, Zhang (2017) quantitatively assessed the spatial dif-
ferentiation characteristics of CLF in China based on the sampling survey data in 2014, and
found that the comprehensive CLFI gradually decreased from the southeast coast to the
northwest inland, which was consistent with the spatial differentiation presented in this study.
Liu et al. (2019a) clarified the regional distribution pattern of CLF in Jiangsu Province
based on the survey data of land use change in 2014, which gradually increased from north
to south, and also maintained good consistency with the results of this study. In terms of AS
research, Wang et al. (2017) quantitatively measured the average level of agricultural land
use specialization in China from 2010 to 2012 based on statistical survey data, and found
that the agricultural land use specialization level in northeast three provinces, Jiangxi and
Hunan was higher, while that in Southwest China was lower. The results of our study are in
good agreement with the results of Wang ef al. (2017) in terms of regional differentiation
pattern and key areas of planting specialization.

On the whole, although the basic data used in this paper has certain shortcomings in terms
of timeliness, comparison with related researches shows that a certain degree of reliability
and rationality exists in this study in characterizing the geographical differentiation pattern
of CLF and AS. It can provide basic information for the implementation of differentiated
farmland resource utilization and management policies based on the specialized develop-
ment of specific crop types.

4.3 Policy implications for the utilization and management of cultivated land in Chi-
na

4.3.1 Policy enlightenments of CLF spatial pattern to regional land use

The results show that CLF with small spatial differences in Southern China and Mid-
dle-lower Yangtze Plain is more serious, characterized by the smaller average plot size and
higher spatial segmentation. Many studies (Li and Qi, 2019; Liu et al., 2019a) have shown
that high-intensity human activities and rapid urbanization in the above-mentioned areas
have an important driving role in farmland landscape fragmentation, which means that in the
future, it is necessary to further strictly control land uses and strengthen cultivated land pro-
tection to intervene the evolution trend of farmland fragmentation. Therefore, on the one
hand, it is necessary to determine a reasonable urban growth boundary to control the scale of
construction land; on the other hand, it is also necessary to further improve the basic land
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supply mechanism, planning and decision-making mechanism, and strictly control the space
occupation of agricultural land by urban non-agricultural construction.

4.3.2 Differential farmland management policies based on AS characteristics

Land consolidation has been considered as a key measure to tackle the CLF problem and
promote agricultural modernization in many countries across the world (Liu et al., 2019a;
Liu et al., 2019b). The differences in the impact of CLF on the geographical agglomeration
of different categories or groups of planting industry indicate that the promotion of AS de-
velopment requires the implementation of differentiated cultivated land management poli-
cies and land consolidation policies based on regional specialization characteristics. For
example, in view of the difference of the £D and A/ of land patches on the geographical ag-
glomeration of various categories or groups of planting industry (Section 3.3.1), the focus of
land consolidation in traditional agricultural areas (such as Heilongjiang, Shandong, and
Henan, etc.) shouldering the responsibility of ensuring national food security should be to
reduce the discrete distribution and spatial division of cultivated land through engineering
techniques to further strengthen the specialized production pattern of grain crops. The prac-
tice of land consolidation can rely on the combination of high-standard farmland construc-
tion with rural construction land consolidation to form high-standard farmland with large
scale, regular shapes, centralized and contiguous distribution, and supporting irrigation and
drainage facilities (Liu ef al., 2019a). For some areas with obvious advantages in the spe-
cialization of vegetables and melon, such as Zhejiang Province, Fujian Province, and some
prefecture-level cities in Guangdong Province, land consolidation should avoid the stereo-
typed construction of high-standard farmland, and appropriately retain a certain degree of
farmland fragmentation in combination with the characteristics of the regional resources and
environment. Meanwhile, land consolidation in these areas should also pay more attention to
the construction and improvement of regional agricultural infrastructure, such as roads and
ditches, to provide effective support for the cultivation and construction of geographic clus-
ters of vegetables and melon.

5 Conclusions

(1) Heihe-Tengchong Line has shaped the spatial differentiation pattern of China’s CLF
gradually increasing from northwest to southeast coastal zones. At the national scale, the
spatial differences of fractal dimensions of CLF presented the variation of APS>AI>ED, in-
dicating that the spatial difference of the patch size of cultivated land in China is the largest,
while the spatial difference of patch segmentation was the smallest. On the regional scale,
CLFI in Northeast China Plain and Northern arid and semiarid region is both lower with a
higher Theil index, while Southern China and Middle-lower Yangtze Plain both have a
higher CLFI but a lower Theil index. The above results indicate that the degree of CLF in
Northeast China Plain and Northern arid and semiarid region is relatively weak with vast
regional differences, while the cultivated land resources in Southern China and Mid-
dle-lower Yangtze Plain are relatively homogeneous, but the degree of fragmentation is se-
rious.

(2) The average value of SHHI in China is 0.264. Among them, the SHHI of grain crops,
economic crops, and vegetables and melon has contributed 74.63%, 9.09%, and 16.28% to
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the SHHI of China’s planting industry, respectively. The Theil Index presents the order of
economic crops > vegetables and melon > grain crops. The above results indicate that the
specialization level of grain crops is the highest and the spatial difference is the smallest,
while the specialization level of economic crops is the lowest and the spatial difference is
the largest. Meanwhile, an agricultural geographical agglomeration pattern dominated by
grain crops (cereals) has been initially formed.

(3) In general, there is a certain spatial trade-off effect between CLF and SHHI in China.
Every 1% increase in CLF will reduce the level of SHHI by about 0.2%, but the impact on
different crop categories or groups is significantly different. CLF has a significant impact on
the specialized development of grain crops and vegetables and melon, but has a relatively
weak impact on the specialization of economic crops. The ED and A/ of land patches are the
key landscape features that affect the geographic agglomeration of planting industry, and
their intensity of influence and direction show significant regional differences, while the
average plot size has no significant impact. The enhancement of CLF, characterized by the
reduction of spatial agglomeration and the increase of spatial segmentation of land patches,
will inhibit the specialization and geographical agglomeration of grain crops such as cereal
and soybeans to a certain extent, and promote the specialized production of vegetables and
melon, especially vegetables.
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