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Abstract: To ensure the sustainable utilization of cultivated land resources, it is essential to
quantify and map the characteristics of construction land and cultivated land and analyze
the mechanisms by which construction land expansion affects cultivated land. However,
few studies have been conducted focusing on this issue. This study integrated morpho-
logical spatial pattern analysis, spillover effect analysis, landscape pattern analysis, and
a land use transition monitoring method to investigate the characteristics of construction
land expansion and cultivated land fragmentation. Fuqing City of China was selected as
the case study area for demonstration. The results demonstrated that the expansion of
construction land resulted in fragmented patterns within the cultivated land landscape:
(1) The large core area of cultivated land was subdivided into smaller core areas during
2000-2020, while the construction land exhibited a tendency towards aggregation and a
spillover effect; (2) The expansion rate of the construction land in the study area accelerated,
while the extent of the cultivated land decreased; (3) Cultivated land fragmentation inten-
sified as landscape aggregation weakened, leading to an expansion in the agglomeration
of construction land. The highlights of this study are: (1) examining the characteristics of
construction land expansion and cultivated land fragmentation from morphological and
geospatial perspectives; (2) categorizing the core areas of cultivated land based on their
size to facilitate the analysis of factors contributing to cultivated land fragmentation. The
findings in this study can be used to develop models to predict future patterns of cultivated
and construction land to provide suggestions for landscape planning.

Keywords: cultivated land fragmentation; morphological spatial pattern analysis; land-
scape pattern index; land use transition; spillover effect

1. Introduction

By the end of 2023, China’s urbanization rate had reached 66.2%; industrialization and
urbanization have facilitated the nation’s rapid economic and social development. However,
the expansion of construction land has led to a reduction in both the area and quality of
cultivated land [1,2], thereby hindering agricultural modernization, weakening ecosystem
services [3], and degrading the natural and economic quality of cultivated land [4]. In 1984,
China established 14 coastal port cities [5]. Benefiting from a series of favorable policies,
China’s coastal regions have experienced significant industrialization and urbanization
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during the past 20 years [6,7], resulting in the phenomenon of “non-agriculturalization” and
severe “non-grainification” of cultivated land [8,9]. There is an urgent need to coordinate
urban economic development with the protection of cultivated land.

Urbanization can result in significant landscape alterations [10,11]; cultivated land
fragmentation is one of the main manifestations [12]. With an increasing awareness of the
importance of preserving cultivated land, more and more scholars are conducting research
on cultivated land conservation and food security from the perspective of changes in culti-
vated land landscapes. According to the landscape ecology hypothesis, the fragmentation
of cultivated land can lead to an increase in both the quantity and density of cultivated
land patches [13], and also result in a decrease in its connectivity and aggregation [14]. The
fragmentation of cultivated land landscapes has been studied by scholars using landscape
pattern index analysis [15,16], which provides an objective and quantitative representation
of regional landscape fragmentation. However, the level of fragmentation in local areas is
relatively weak and the spatial pattern of cultivated land landscape fragmentation cannot
be accurately identified.

To accurately identify the spatial pattern of the local landscape, scholars have applied
morphological spatial pattern analysis (MSPA) to identify ecological sources and landscape
connectivity [17,18]. For instance, Ritters et al. analyzed the evolution of landscape patterns
and extracted ecological sources in the study area based on MSPA [19]. Carlier and Moran
used morphological spatial pattern analysis (MSPA) to study European greenways and
found that greenways can provide green infrastructure and ecosystem connectivity, as
well as enhanced landscape connectivity [20]. Ferrari et al. used the MSPA method to
identify the key components of Rome’s green infrastructure [21]. Shi et al. employed
the MSPA approach and found that the amount of cultivated land in Kunming city was
continuously declining, and that its spatial morphological change was stable, fluctuating,
and then fragmenting [22]. Jiang studied the fragmentation of cultivated landscapes from
urban to rural areas using the MSPA method and found that urban growth is the key
cause of cultivated land fragmentation, and that land use policies have a significant impact
on structural changes in cultivated land landscapes [23]. Javier Veldzquez et al. used
the MSPA method and the connectivity probability method to analyze the connectivity
and fragmentation of forests and found that large core areas can significantly promote
species exchange in the study area and nearby areas, and that bridging areas can enhance
connectivity between patches, which is crucial for species conservation [17]. However, to
the best of our knowledge, there is little research focusing on the impact of construction
land expansion on cultivated land fragmentation based on a framework that combines
MSPA and index methods. More in-depth research is urgently needed to determine the
application range of a framework that integrates the advantages of MSPA in both spatial
analysis and landscape pattern indices analysis.

This study thus selected a typical coastal city as the case study area and proposed
a framework for geospatially identifying the impact of construction land expansion on
cultivated land fragmentation during 2000-2020. The changing characteristics of the
cultivated land spatial pattern were investigated with the aid of MSPA to carry out a
thorough analysis of the cultivated land landscape change. The spillover effect analysis
was used to measure the spatial correlation between construction land and cultivated
land. The landscape pattern indices of the cultivated land and construction land were
calculated to more accurately analyze the impact of construction land expansion on the
landscape fragmentation of cultivated land, thereby distinguishing the effects of natural
and economic factors in the study area. By using the aforementioned methods, the spatial
and temporal characteristics and the influence mechanism of cultivated land fragmentation
and construction land expansion were investigated to offer theoretical methodological
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support and case references for ensuring food security and promoting harmonious social—-
economy-ecology development.

2. Materials and Methods
2.1. Study Area

The case study area is located on the southeast coast of China with a total area of
2430 km? (25°18'-25°52' N, 119°03'~119°42" E). It is the central region of the “21st-century
sea silk road” and a well-known overseas Chinese township. With a GDP of 168.3 billion
China Yuan, rising 4.9% annually, the study area ranked 14th out of the top 100 counties
in China in 2023. The topography gently descends from the northwest to the southeast.
The landscape consists primarily of low hills, with an average elevation of 500 m. To better
study the construction land expansion and cultivated land fragmentation, the study area is
divided into three parts: the central urban area, the north mountain area, and the south
coastal area (Figure 1).
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Figure 1. Location of the study area. (a): Location of the study area in China; (b): DEM of the
study area; (c): Central urban area, north mountain area, and south coastal area in the study area,
GS: Gaoshan Town, LT: Longtian Town, YD: Yidu Town, DZ: Dongzhang Town, NL: Nanling Town,
JY: Jiangyin Town, S-H: Shenyang-Haikou Expressway, Y-P: Yuxi-Pingtan Expressway, F-X: Fuzhou-
Xiamen Expressway.
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2.2. Research Framework

This study proposed a framework for geospatially identifying the impact of construc-
tion land expansion on cultivated land fragmentation. The framework involved three major
portions: dynamic change monitoring and MSPA methods were used to explore dynamic
change monitoring of the cultivated land and the spatial pattern analysis of its morphology;
spillover calculations and Moran’s I calculation were employed to study the quantitative
and spatial changes and spillover effect of the construction land; and land use transition
and landscape pattern indexes were used to study the impact of construction expansion on
cultivated land fragmentation (Figure 2).

1.Data Processing (Clip,Projections and Transformations)

he OpenSreetMap roa
C Land use data ) ( DEM data ) network data

Towship administrative
division data

2. Spatio-temporal characteristics of
cultivated land fragmentation

Dynamic changes in the area
of cultivated land

3. Spatial-temporal characteristics of
construction land expansion

4.Impact of construction land expansion
on cultivated land fragmentation

Analysis of land use transition matrix
in the study area

Analysis of construction land

Spatial pattern analysis of cultivated
land morphology

expansion model v

Landscape pattern index
analysis of construction land
expansion and cultivated land
T fragmentation:
NP, PD, AREA_MN, LSI, Al

Spillover effects analysis of
construction land expansion

Figure 2. Study framework to explore the impact of construction land expansion on cultivated
land fragmentation.

2.3. Data Processing

The land use data was acquired from GlobeLand30 (www.globeland30.org, accessed
on 10 May 2022) with a spatial resolution of 30 m for the years 2000, 2010, and 2020.
To ensure the accuracy of the subsequent analysis, these data were manually corrected
and modified by referring to field survey data and Google high-resolution images. The
improved classification data exhibited user’s and producer’s accuracies of 0.91-0.94 and
0.90-0.94 for the cultivated land and construction land, respectively. The township ad-
ministrative boundary (vector data) and the DEM data (30 m) were obtained from the
Geospatial Data Cloud (www.gscloud.cn, accessed on 10 May 2022). The road network
data was from the OpenStreetMap (www.openstreetmap.org, accessed on 10 May 2022). In-
formation about natural resources, geographic zoning, socioeconomics, and transportation
was obtained from the local municipal government.


www.globeland30.org
www.gscloud.cn
www.openstreetmap.org
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The data were processed using the following procedures (Figure 2):

(1) The spatial dataset was clipped, projected, and transformed using QGIS 3.30.0 software
to ensure uniformity in the spatial reference coordinates of all the data, which were stan-
dardized as Xian_1980_3_Degree_ GK_CM_120E. Based on the topographic conditions,
the study area was divided according to township administrative divisions.

(2) Morphological spatial pattern analysis was conducted on the cultivated land by
reclassifying land use data, assigning a value of 2 to cultivated land and 1 to other
categories. The resulting dataset was then input into Guidos Toolbox 3.0 software to
generate MSPA images specifically for cultivated land.

(3) The quantitative characteristics of the construction land and cultivated land were
analyzed by processing three periods of land use data using QGIS software to calculate
the area. The land use transition matrix from 2000 to 2010 and 2010 to 2020 was
obtained, along with the dynamic change rates of the area for both construction and
cultivated lands.

(4) The spillover effect of construction land expansion was analyzed by extracting the
vector data of both the construction and cultivated land, utilizing Global Moran’s
I 'and Local Moran’s I indices, selecting an inverse distance spatial relationship for
analysis, and obtaining the spatial correlation types between the construction land
and cultivated land.

(5) Landscape pattern indices analysis. Through geospatial analysis, the land use data
were reclassified into cultivated land, woodland, grassland, waters (including wet-
lands, waterbody, and sea areas), construction land, and bare ground. Then, the
land use reclassification results of three periods in each subdivision were input into
Fragstats 4.2 software and the landscape pattern indices were calculated.

2.4. Methodology
(1) Morphological spatial pattern analysis (MSPA)

The MSPA method is a mathematical morphological approach for measuring, identify-
ing, and segmenting binary images [24]. By processing the binarized land use image, it can
help extract the core patch and establish a clear spatial topological relationship between the
core element and other elements [25], resulting in seven distinct elements: the core, island,
perforation, edge, loop, bridge, and branch [26,27]. This is the quantified description of the
realization of landscape fragmentation (Table 1 and Figure 3).

Table 1. Landscape types and ecological implications of MSPA.

Landscape Type Ecological Implications
Core An internal precinct of the cultivated land landscape area.
Islet The area is too small to form a cultivated land area in the core area, and it exists in isolation.
P . The edge of the patch inside the core area, i.e., the transition area between the core area and
erforation :
the non-cultivated land area.
Edge The junction line between the core area and the non-cultivated land area.
Loop A narrow area that connects the same core area.
Bridge A narrow area that connects at least two different core areas.
Branch Only one end is connected to the edge zone, connecting bridge, loop, or core area.

(2) Landscape pattern analysis

The Landscape Pattern Index is utilized to quantitatively depict the characteristics
and alterations in a landscape. This is primarily accomplished through Fragstats 4.2, which
encompasses three distinct research scales: the patch index, type index, and landscape
index. In this study, an analysis was conducted on each land use type’s scale. Based on
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the characteristics of the study area and in combination with previous research [28,29], the
following indices were selected: NP, PD, AREA_MN, Al and LSI (Table 2).

" E .
Legend B Foreground W Core M Perforation Loop M Branch
[ IBackground Ml Islet Nl Edge I Bridge

Figure 3. The landscape metrics map of MSPA.

Table 2. Description of the landscape index.

Index Definition Unit and the Range of
Values
Number of patches Type or number of patches in a landscape mosaic. The higher the value is, the pcs
(NP) more patches of this type it has. [1, +o0)
Patch density The number of patches in the unit area (100 ha). The higher the value, the finer Pcs/100 ha
(PD) the patch segmentation. (0, +o0)
Patch Area_Mean The area of each type of patch is averaged to describe the granularity of the ha
(AREA_MN) landscape. The smaller the value is, the greater the degree of fragmentation is. (0, +o0)
Aggregation index Description of the extent to which landscape patches converge. The higher the %
(AI) value is, the better the aggregation is. (0, 100]
Landscape shape index  Description of the characteristics of the shape of the patches within the entire No units
(LSI) landscape. The higher the value is, the more the patches are separated. [0, +o0)

(3) Dynamic change rate of land use

The dynamic rate of changes in land use can be utilized as a tool for analyzing
alterations within a specific land category over a given time frame. A higher value indicates
a more intense transformation of the land type. The formula is:

v=Le=La 1000

— 1
Lax T M)
where L,; and L; are the areas of a certain type of land in the a and b periods; T is the time
interval between 4 and b periods, and the unit is years.

(4) Spillover effect analysis

Moran’s I is utilized to analyze the spillover effect of construction land expansion.
The Global Moran’s I can indicate the spatial correlation between construction land and
cultivated land in the study area, while the Local Moran’s I can identify such correlations
at a local scale [30,31]. Equation (2) represents the Global Moran'’s I, while Equation (3)
denotes the Local Moran’s I.
LY wiZi- Z;i/So
B Yiz2/n

7 & ~ n
L= B (T =y -V =y YR = VS = Y W) @)
70

i=1j=1

)

where 7 is the total number of patches; y; and y; indicate the land type of the ith and jth
patches, respectively; w;; is the spatial weight value. I > 0 represents a positive correlation,
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I < 0 represents a negative correlation. The larger the absolute value of I is, the stronger
the correlation is. I; > 0 indicates the presence of spatially correlated aggregations, that
is, the attribute values of the ith patch and its surroundings are high (high-high) or the
attribute values for and around the ith patch are low (low-low). I; < 0 means that there is
no spatial homogeneity, that is, the attribute value of the ith patch is high but that of the
surrounding patch is low (high-low), or the attribute value of the ith patch is low but that
of the surrounding patch is high (low-high).

(5) Land use transition matrix

The land use transition matrix portrays the spatio-temporal fluctuations of diverse
land use types, facilitating not only a quantitative description of land use characteristics
within a fixed region over a specific period but also dynamic visualization of the direction,
magnitude, and trend of transitions between different land use types.

3. Results

3.1. Spatio-Temporal Characteristics of Cultivated Land Fragmentation
3.1.1. Analysis of Dynamic Changes in Cultivated Land

During the study period, there was a noticeable decrease in cultivated land, with
a significant acceleration during the second decade (Table 3). The largest reduction of
cultivated land occurred along the south coastal area in the first decade. In contrast, during
the second decade, the central urban area experienced the greatest loss of cultivated land,
while a relatively low intensity of cultivated land loss was observed in the north mountain
area throughout the entire study period.

Table 3. Change of cultivated land from 2000 to 2020.

Region Period Area Reduction (km?) Dynamic Change Rate (%)
2000-2010 2.83 0.24
Central urbanarea 540 oo 17.69 1.55
. 2000-2010 0.28 0.03
North mountain area 2010-2020 3.37 0.36
2000-2010 19.16 0.41
South coastalarea 5570 5029 4135 0.93
2000-2010 22.27 0.33
Total 2010-2020 62.41 0.96

3.1.2. Spatial Pattern Analysis of Cultivated Land Morphology

Table 4 and Figure 4 presented the calculated area and dynamic change rate of each
MSPA metric. The core zones exhibited the largest area among the foreground elements
but showed a declining trend. Moreover, the rate of decline during the second decade
surpassed that of the first. Conversely, islands, edges, bridges, and branches experienced
an upward trend with a decelerated dynamic change rate in the second period. In contrast,
perforations and loops gradually decreased at an accelerated pace during this time.

During the study period, the large core zones gradually fragmented into smaller
ones, resulting in an increase in their amount. The connectivity between these core zones
decreased while that of larger core zones with surrounding smaller ones strengthened. The
cultivated land shape became more complex and its landscape increasingly fragmented.

Figure 5 illustrated seven types of raster images depicting conflicting landscape el-
ements, generated by MSPA with cultivated land in the foreground. The color green
represented the core, while varying shades from light to dark indicated a super-large core,
large core, medium core, and small core, respectively. It can be found that the super-large
core zone was distributed in the south coastal area, the large core zones were mainly
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distributed in the north of the central urban area and the valley of the north mountain area,
the medium core zones were mainly distributed in the peninsula of the south coastal area,
and the small core zones were almost evenly distributed in all low-altitude areas. Hence,
cultivated land fragmentation was more pronounced in mountain areas.

Table 4. The area and proportion of landscape elements in the study area.

Landscape 2000 2010 2020
Features Area (km?) Percentage (%) Area (km?) Percentage (%) Area (km?) Percentage (%)
Core 547.40 81.15 523.43 80.20 461.72 78.28
Islet 0.45 0.07 0.53 0.08 0.62 0.11
Perforation 33.49 497 27.30 418 21.66 3.67
Edge 80.44 11.92 87.09 13.34 91.59 15.53
Loop 2.21 0.33 2.08 0.32 1.75 0.30
Bridge 3.67 0.54 4.00 0.61 423 0.72
Branch 6.88 1.02 8.20 1.26 8.22 1.39
Total 674.54 100.00 652.62 100.00 589.80 100.00

> 25.00%
X 19.07%
: 18.59% 17.89%
£ 15.00%
Gy
S
Q
s 5.00%
o
)
=]
3
S -5.00%
2
g
_S -15.00% -11.79%
2 -18.48% -15.82%
= 25.00% L -20.65%
Core Islet Perforation Edge Loop Bridge Branch

Landscape element

m2000-2010 m2010-2020

Figure 4. The dynamic change rate of landscape element area.

Considering the notable variations in both the number and size of cores across different
regions, a reclassification of cores based on their areas was conducted: super-large core
(>100 km?), large core (20~100 km?), medium core (1~20 km?), and small core (<1 km?).
Table 5 showed that the super-large core zone experienced a decrease followed by an
increase during the study period, whereas the large core zones exhibited an initial increase
and then a subsequent decrease, with a remarkably greater rate of decline than growth.
The total area and the number of middle and small core zones exhibited an upward trend,
with a higher growth rate observed in the second decade compared to the first. The larger
core zones underwent gradual fragmentation into smaller ones, resulting in increased land
use fragmentation within the study area.
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Figure 5. The morphological spatial pattern analysis of cultivated land in the study area: (a): 2000;
(b): 2010; (c): 2020.

Table 5. The quantity, area, and proportion of each core area.

Core Area Quantity 200 Proportion Quantity lzkorig Proportion Quantity 21333&1 Proportion
e 2
Classification (pcs) Area (km?) (%) (pcs) (km?) (%) (pcs) (km?) (%)
Super-large core 1 328.48 60.01 1 215.37 41.15 1 234.47 50.78
Large core 2 80.67 14.74 3 136.68 26.11 2 41.76 9.04
Medium core 23 94.84 17.33 25 118.34 22.61 33 129.65 28.08
Small core 998 43.41 7.93 1056 53.04 10.13 1110 55.84 12.09
Total 1024 547.40 100.00 1085 523.43 100.00 1146 461.72 100.00

Table 5 showed that the area of the super-large core zone decreased significantly in
2010. Combined with Figure 5, it can be found that the super-large core zone is mainly
divided into three parts (south, northeast, and northwest). The primary factor contributing
to the fragmentation of the super-large core area in the northeast region is attributed to
two changes as indicated in Figure 6. To more vividly explain the evolution process of
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super-large cores, two representative sites (Site A and Site B) located in the northeast and
northwest were selected in this study. In 2000, Site A was classified as a large cultivated land
within the core zone according to MSPA analysis results. However, in 2010 and 2020, its size
had diminished conspicuously, resembling more of a narrow bridge that separated Site A’s
left and right core zones into different areas. In 2000, Site B was characterized by cultivated
land use, with construction lands on both sides. Consequently, the cultivated land at Site
B formed a narrow strip that connected the upper and lower core zones, appearing as
an island in the MSPA analysis results. By 2010, however, the expansion of construction
lands around Site B had led to a decrease in the cultivated land area such that it now
forms a bridge according to MSPA analysis. In 2020, a portion of the construction land
at site B was converted into cultivated land, increasing the area of cultivated land. The
MSPA analysis revealed that this area served as a core zone, connecting both the upper
and lower core zones and merging them into one cohesive unit. According to the road
network data, the primary factor contributing to the fragmentation of the super-large core
zone in the northwest was attributed to the construction of the G324 national highway.
Furthermore, there was a noticeable expansion trend observed in construction land near
the G324 national highway, which further diminished and severed its super-large core.

Division of the
super-large core

Legend

I Woodland Il Super-Large Core I Perforation Background
[ Grassland I Large Core Il Edge Opening

~ Waterbody I Medium core Loop Border-Opening
B8 Construction Land [ Small Core I Bridge I Core-Opening
—— National Highway B Islet [ Branch

[ Central Urban Area  [__] South Coastal Area ] North Mountain Area

Figure 6. The evolution process of the super-large core areas: (a): 2010 super-large core partitions;
(b) Evolution of the super-large core area in the northeast; (c): The evolution of the super-large core
area in the northwest.
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3.2. Characteristics of Construction Land Expansion
3.2.1. Analysis of Construction Land Expansion

Construction land in the study area continued to expand during the study period with
a trend of accelerating expansion. Especially in the north mountain area, there was slow
and weak expansion during the first decade. However, from 2010 to 2020, there was a
significant increase in the dynamic change rate of construction land expansion, indicating a
rapid expansion trend (Table 6). The dynamic change rate of construction land expansion
in the south coastal area consistently exceeded that of the overall level.

Table 6. Change of construction land from 2000 to 2020.

Region Period Expansion Area (km?) Change Rate (%).
2000-2010 3.80 1.07
Central urban area 2010-2020 16.65 422
. 2000-2010 0.35 0.55
North mountain area 2010-2020 3.32 5.04
2000-2010 22.51 2.70
South coastal area 2010-2020 52.81 498
Entire study area 2000-2010 26.66 2.13
2010-2020 72.78 4.79

Figure 7 showed the spatial distribution of construction land in the study area. The
urban construction land radiated outward from the city center, with a slow expansion in the
first decade followed by rapid growth in the second. The opening of the Fuqing Railway
Station in 2010 spurred swift economic development and the consequent expansion of
construction land in the eastern suburbs. Meanwhile, to the southwest of the central urban
area, the construction land has expanded along a strip adjacent to the G104 national high-
way. The expansion of construction land in the north mountain area was relatively limited
during the first decade. However, there was a concentrated distribution of construction
land near the G324 national highway through Jingyang Town, which serves as an industrial
concentration zone for this town. Following the opening of the Shenhai Expressway in
2017, industrial enterprises within Jingyang Town experienced rapid development and
a subsequent expansion of construction land. Similarly, Yidu Town (YD in Figure 7) and
Dongzhang Town (DZ) also witnessed significant growth in their respective construction
lands. In the south coastal region, there has been a significant expansion of construction
land over the past two decades, taking on three primary forms: linear slow expansion along
routes, such as the 5201 and S305; marginal types of slow expansion in areas, like Longtian
Town (LT), Gaoshan Town (GS), and scattered rural settlements; and flaky concentration
expansion in zones like the Yuanhong Investment Zone (YH) and Jiangyin Economic Zone
(JY). In conclusion, the primary factors contributing to the expansion of construction land
were road construction and urban development planning. Additionally, topography served
as a significant constraint on such expansion.

3.2.2. Spillover Effects of Construction Land Expansion

Based on the Global Moran’s I analysis of construction land and cultivated land during
the study period, the average value of Moran’s I is 0.22 with a confidence level of 99%. The
results indicate that there is a spillover effect from construction land to cultivated land in
the study area (see Figure 8). The following analysis provides further details:

The results of the Local Moran’s I analysis indicated that in 2000, there was a signif-
icant concentration of construction land in the downtown area, which subsequently led
to an expansion of construction land in nearby regions. This spillover effect exhibited a
“High-High Cluster” pattern. However, due to their distance and hilly terrain, the sub-
urbs experienced weakened spillover effects and mostly displayed “Low-High Outlier”
patterns. In 2010, the spillover effect of construction land was particularly pronounced
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in the eastern valley of the central urban area, characterized by a “High-High Cluster”,
while no significant spatial correlation between construction land and cultivated land was
observed in other regions. By 2020, however, this correlation had strengthened outside the
city center. In the valley with a higher concentration of construction land, the spillover
effect exhibited a “High-High Cluster”, while in the surrounding areas, it weakened to a
“Low-High Outlier”, due to distance and topography. The northwest region of the central
urban area is adjacent to mountains and water bodies, resulting in weaker spillover effects

due to topographical factors.

Legend
- Construction Land
——— Expressway

— National Highway Hillshade

Provincial Highway - High: 254
|:] Central Urban Area

|:] South Coastal Area
0 510 20 km
|:] North Mountain Area

= Low: 0

Figure 7. Construction land of study area between 2000 and 2020: (a): 2000; (b):2010; (c): 2020,
YHIZ: Yuanhong Investment Zone; JYEZ: Jiangyin Economic Zone; GS: Gaoshan Town, LT: Longtian
Town, YD: Yidu Town, DZ: Dongzhang Town, NL: Nanling Town, JY: Jiangyin Town, S-H: Shenyang-
Haikou Expressway.

The spillover effect of construction land in the valley near G324 in the northern
mountainous area exhibited a “High-High Cluster” initially, but this gradually decreased
during the study period. By 2020, there was no significant spatial correlation between
construction land and cultivated land. Due to topographical constraints, the expansion of
construction land in the western region is limited, resulting in a weak spillover effect on
cultivated land, forming a “Low-Low Cluster”.

In the past two decades, the spillover effect of construction land in the south coastal
area has exhibited a strong “High-High Cluster” pattern, with a limited spillover impact
beyond proximate areas resulting in a “Low-High Outlier” trend. However, as of 2010, the
spatial correlation was not significant for regions outside those with relatively concentrated
construction land. In 2020, the spillover effect of construction land near the Yuanhong
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Investment Zone exhibited a weak trend, primarily manifesting as a “High-Low Outlier”.
Due to the constraints imposed by the northern mountains, the surrounding area displayed
a “Low-Low Cluster”. Similarly, given that the topography of the southernmost penin-
sula was predominantly hilly, there was a limited spillover effect observed during this
study period.

Legend
Not Significant
High-High Cluster

I High-Low Outlier

I 1 ow-High Outlier

I Low-Low Cluster

[ Central Urban Area

[ South Coastal Area - Low: 0

[ North Mountain Area 0 5 10 20 km
I Waterbody N

Hillshade
- High: 254

Figure 8. Spatial interaction types of the construction land and cultivated land in the study area:
(a): 2000; (b):2010; (c): 2020, YHIZ: Yuanhong Investment Zone.

3.3. Impact of Construction Land Expansion on Cultivated Land Fragmentation
3.3.1. Land Use Transition

The land use transition matrix in the study area showed a remarkable increase in
construction land, primarily at the expense of cultivated land (Tables 7 and 8). From 2000
to 2010, a total of 42.79 km? of non-construction land was converted into construction land,
with cultivated land being the primary source (35.96 km?, accounting for 84.04%), followed
by woodland (5.11 km?). From 2010 to 2020, a total of 98.51 km? of non-construction land
was converted into construction land, primarily consisting of cultivated land (68.01 km?,
accounting for 69.04%), followed by waterbodies (14.28 km?), sea area (8.59 km?), and
others. During the study period, the proportion of cultivated land occupied by construction
land for expansion decreased, while the occupied area increased remarkably. During the
second decade, a notable number of waterbodies and sea areas were transformed into
construction land.
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Table 7. Land use transition matrix between 2000 and 2010 (km?).

2010
Year Land Use Type Grassland Sea Area Cor]tstructlon Woodland Bare Cultivated Wetland  Waterbodies Total
and Ground Land

Grassland 34.92 0.98 0.39 20.01 0.84 4.00 0.12 0.10 61.36

Sea area 0.06 28.03 0.10 0.19 0.11 0.54 0.71 0.35 30.09

Construction land 0.25 0.06 109.19 0.57 0.01 14.79 0.09 0.36 125.32

Woodland 19.16 8.40 5.11 510.08 2.03 17.13 0.27 1.73 563.91

2000 Bare ground 0.85 0.22 0.23 1.89 3.37 0.60 0.05 0.15 7.36
Cultivated land 4.60 1.31 35.96 17.29 0.46 607.56 1.20 5.62 674.00

Wetland 0.08 0.61 0.51 0.23 0.03 1.48 40.49 2.32 45.75

Waterbodies 0.11 0.44 0.49 1.61 0.14 5.63 2.20 123.15 133.77
Total 60.03 40.05 151.98 551.87 6.99 651.73 45.13 133.78 1641.56

Table 8. Land use transition matrix between 2010 and 2020 (km?).
2020
Year Land Use Type Grassland Sea Area Construction Woodland Bare Cultivated Wetland Waterbodies Total
Land Ground Land

Grassland 25.53 0.13 1.04 25.58 0.82 6.57 0.11 0.25 60.03

Sea area 0.05 3.96 8.59 8.68 0.13 0.68 16.85 1.11 40.05

Construction land 0.38 0.04 126.25 1.30 0.06 22.62 0.28 1.05 151.98

Woodland 26.28 0.32 3.27 485.79 1.83 27.27 047 6.64 551.87

2010 Bare ground 0.89 0.26 0.18 3.48 1.06 0.69 0.15 0.28 6.99
Cultivated land 6.19 0.88 68.01 26.57 0.57 523.40 3.48 22.63 651.73

Wetland 0.20 0.25 3.14 0.69 0.06 1.77 31.63 7.39 45.13

Waterbodies 0.17 0.20 14.28 1.56 0.16 6.32 10.70 100.39 133.78
Total 59.69 6.04 224.76 553.65 4.69 589.32 63.67 139.74 1641.56

Cultivated land has decreased notably and the encroachment of construction land on
cultivated land appeared to be the main cause of cultivated land loss. From 2000 to 2010, a
total of 66.44 km? of cultivated land was converted to other land use types, among which,
the main land type converted out was construction land (35.96 km?, accounting for 54.12%),
followed by woodland (17.29 km?). From 2010 to 2020, a total of 128.33 km? of cultivated
land was converted to other land use types, among which, construction land was the
primary recipient (68.01 km?, accounting for 53.00%), followed by woodland (26.57 km?)
and waterbodies (22.63 km?). Hence, it is evident that the area occupied by construction
land is more than half of the area converted from cultivated land. Due to the implementation
of ecological protection policies, such as the Grain for Green project, woodland has become
a major land use type converted from cultivated land. Additionally, woodland has been the
primary source of cultivated land supply due to policies aimed at protecting and balancing
cultivated land requisition and compensation. Over the course of 20 years, a total of
44.40 km? of woodland was converted into cultivated land, followed by construction land
(37.41 km?). However, the area of cultivated land converted into construction land and
woodland exceeded the conversion from either woodland or construction land to cultivated
use, resulting in an evident decrease in overall cultivated land.

Figure 9 showed that the cultivated land converted to construction land in the first ten
years was scattered, with the concentrated conversion taking two forms: linear expansion
around G324 and aggregation-type expansion such as Longtian town. In the second
decade, the transformation from cultivated land to construction land was predominantly
characterized by aggregation, particularly evident in the central urban area and Yuanhong
investment zone (YH in Figure 9b). In addition, two distinct linear changes were observed
near 5201, S305, and G324.

3.3.2. Landscape Pattern

The landscape pattern indices (Table 9) were calculated using the number of patches
(NP), patch density (PD), patch area_mean (AREA_MN), aggregation index (Al), and
landscape shape index (LSI) for both cultivated land and construction land. Generally, the
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changing trends in landscape pattern indices for these two types of land are opposite to
each other, as shown by the following analysis.

Legend
Il The Conversion of Cultivated Land to Constrution Land
National Highway Provincial Highway Expressway

0 5 10 20 km
[JCentral Urban Area [___]South Coastal Area [ __| North Mountain Area

Figure 9. Spatial distribution of the conversion of cultivated land to construction land from 2000 to
2020: (a): 2000-2010; (b): 2010-2020.

Table 9. Landscape pattern index calculation results of cultivated land and construction land.

Index Region Cultivated Land Construction Land
2000 a 2010 a 2020 a 2000 a 2010 a 2020 a
Entire study area 306 383 414 694 630 572
NP Central urban area 95 104 133 143 130 114
(pcs) North mountain area 92 79 96 79 78 70
South coastal area 201 271 291 483 433 406
Entire study area 0.19 0.23 0.25 0.42 0.38 0.35
PD Central urban area 0.35 0.39 0.49 0.53 0.48 0.42
(pcs/100 ha) North mountain area 0.27 0.23 0.28 0.23 0.23 0.20
South coastal area 0.20 0.26 0.28 0.47 0.42 0.39
Entire study area 220.50 170.40 142.46 18.07 23.99 39.38
AREA_MN Central urban area 122.99 109.49 72.42 24.99 30.24 49.04
(ha) North mountain area 103.18 119.78 94.89 7.96 8.42 14.16
South coastal area 229.83 163.63 137.97 17.34 24.46 39.17
Entire study area 95.19 94.92 94.37 90.98 91.70 93.93
Al Central urban area 94.80 94.61 93.87 93.00 93.49 95.53
(%) North mountain area 93.68 93.64 93.25 87.05 87.20 90.21
South coastal area 95.52 95.14 94.68 90.67 91.46 93.73
Entire study area 42.57 44.16 46.51 34.56 34.86 31.29
LSI Central urban area 19.67 20.09 20.96 14.86 14.53 12.08
(No units) North mountain area 21.46 21.54 22.37 11.64 11.80 11.17
South coastal area 33.08 35.05 36.45 29.32 30.16 27.27

Note: “a” represents the year.

The NP and PD of the cultivated land in the study area exhibited an upward trend,
while AREA_MN demonstrated a downward trend. The changing pattern observed in
the central urban and south coastal areas was consistent with that of the overall study
area, indicating a gradual fragmentation of large patches of cultivated land and an increase
in smaller-patch numbers. Both PD and NP exhibited a decreasing trend followed by
an increasing trend, with a greater magnitude of increase than decrease. Conversely,
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AREA_MN displayed an opposite pattern, indicating that the fragmentation of cultivated
land had improved in this area in 2010. However, it worsened between 2010 and 2020.
The LSI of both the study area as a whole and its sub-regions exhibited an upward trend
over the past two decades, while the Al displayed a downward trend. Furthermore, the
intensity of change during the second decade was almost greater than that observed in the
previous decade (with a slightly higher changing intensity of LSI noted in the south coastal
area during the first decade). The findings indicated that the cultivated land landscape in
the study area exhibits a growing complexity, with an increasing degree of fragmentation
and decreasing degree of aggregation.

The PD and the NP of construction land in the entire study area and three subareas
exhibited a declining trend, while both the AREA_MN and Al demonstrated an upward
trajectory (Table 9). This indicated that with the expansion of construction land, scattered
parcels were gradually being connected, resulting in a reduction in their number and an
increase in their aggregation. From 2000 to 2010, the north mountain area faced limitations
in terms of topography and economy that hindered the expansion of the construction
land. Consequently, there was only a slight change in landscape pattern indices (PD being
0.2308% in 2000 and 0.2286% in 2010). However, over the past decade (2010-2020), there has
been a much greater range of changes observed for PD, NP, and Area_ MN within this area.
The motivation for this was that the economic development of the region was accelerated
in the latter ten years, which reduced the restrictions of terrain-to-land development,
rapidly expanded the construction land, and intensified the fragmentation of the cultivated
land landscape.

The LSI of construction land in the entire study area exhibited an initial increase
followed by a subsequent decrease during the study period. In the second decade, there
was a significant decline, indicating that the construction land expanded rapidly and
assumed a more regular shape. The LSI of the central urban area has exhibited a declining
trend over the past two decades, with a decrease in the patch separation degree of the
construction land primarily due to concentrated expansion. The LSI of the other two areas
exhibited an initial increase followed by a subsequent decrease, indicating that the degree
of patch separation for the construction land was high during the first decade, but became
more dispersed and expanded over time. Additionally, there was a trend towards regularity
in the shape of the construction land during the second decade, resulting in a reduction in
patch separation.

In addition, Table 9 also showed that the fragmentation of cultivated land in the north
mountain area is consistently more severe than that in other areas. Moreover, there are
significant regional differences in terms of cultivated land fragmentation, with the order
being: northern mountainous area > central urban area > south coastal area. In conclu-
sion, the expansion of construction land resulted in the fragmentation of cultivated land.
Topography exerts a greater influence on cultivated land landscape fragmentation than
economic factors. However, as the economy develops, topographical constraints on con-
struction land expansion will weaken, intensifying cultivated land landscape fragmentation
in mountainous areas.

4. Discussion

This study explored the spatial and temporal characteristics of construction land
and cultivated land fragmentation, and analyzed the mechanisms by which construction
land expansion affects cultivated land. The findings indicated that the acceleration of
construction land expansion has resulted in an increasing loss of cultivated land, the cores
of large-scale cultivated land being primarily dispersed in regions characterized by low
and flat topography. The expansion of construction land patches has significantly enhanced
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connectivity and intensified the trend of cultivated land fragmentation. The degree of
fragmentation was found to be highest in the north mountain area, followed by the central
urban area and then the south coastal area.

Previous studies have demonstrated that the landscape pattern index is significantly
influenced by both terrain and economic factors, with cultivated land fragmentation be-
ing more prevalent in hilly regions due to topographical constraints [32,33]. This study
area encompasses two types of terrain: plain and mountain. Without differentiation, the
accuracy of the calculated landscape pattern indices may be compromised by the influence
of varying terrains. Therefore, the study area was divided into three parts, namely, the
north mountain area, central urban area, and south coastal area, based on topographic and
economic development factors. This division ensured that the landscape pattern indices
can accurately reflect regional landscape characteristics, which was beneficial for analyzing
the primary causes of cultivated land fragmentation in the study area.

Studies on the fragmentation of cultivated land have primarily focused on overall
quantitative analysis using the landscape pattern index. However, to accurately monitor
the spatial differences in the landscape fragmentation of cultivated land, it is necessary to
analyze the landscape’s spatial details. MSPA can provide a comprehensive understanding
of the spatial morphological characteristics of the cultivated land landscape. Therefore, this
study combined MSPA with zonal calculations of landscape pattern indices. Studies have
identified core areas through MSPA when extracting ecological sources and constructing
ecological networks [34,35], but they have seldom distinguished core areas in the context
of landscape fragmentation. In this study, significant variations were observed in terms of
both the number and size of cultivated land core areas across different regions. Therefore,
this study categorized the core areas of cultivated land based on their size to facilitate
the analysis of factors contributing to fragmentation. Additionally, in the MSPA method,
variations in setting the parameters significantly impact the feature morphology and
area [36,37]. A uniform edge width of one was set in this study to maximize the core area.

The policy implications of this study encompass the following five key areas: First, it
is imperative to control the excessive expansion of construction land through scientifically
sound and reasonable land planning. By delineating urban development boundaries, per-
manent basic farmland, and ecological protection red lines, the uncontrolled expansion of
construction land can be strictly restricted, thereby safeguarding cultivated land resources.
Second, the government should further enhance its cultivated land protection policies
and ensure both the quality and quantity of new cultivated land through the “balance of
occupation and compensation” policy. Additionally, cultivated land protection should be
integrated into the performance evaluation criteria for local governments, prohibiting the
fragmentation caused by the arbitrary occupation of cultivated land. Third, optimizing the
layout of urban and rural construction land and shifting the focus of urban development
from “expansion” to “intensive use” can effectively control the rate of construction land
expansion. Priority should also be given to reclaiming residential land surrounded by
cultivated land or in inconvenient locations to achieve large-scale management. Fourth,
improving land use efficiency, optimizing the layout of construction land, and minimizing
the occupation of cultivated land are essential. Finally, strengthening policy coordination
and providing technical support will better enable the assessment and management of the
impact of construction land expansion on cultivated land.

Even though this study integrated multiple methods to analyze the impact mecha-
nisms of construction land expansion on cultivated land, it is important to acknowledge
its limitations. This study focused on morphological changes in the study of cultivated
land fragmentation. The fragmentation of cultivated land involves multiple aspects such as
resource allocation, spatial distribution, utilization efficiency, and ownership [38,39]. In the
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future, analysis can be conducted from multiple aspects such as the function and quality of
cultivated land. In addition, national policies and land spatial planning have a significant
impact on future land use conditions [40,41]. Future research can establish predictive
models for the expansion of construction land and the fragmentation of cultivated land,
providing more scientific and recommendations for policy formulation and planning.

5. Conclusions

This study constructed a framework to explore the impact of construction land ex-
pansion on cultivated land fragmentation from the multiple perspectives of morphology,
statistics, spatio-temporal characteristics, and landscape patterns. The results found that
the core area of cultivated land constituted the predominant landscape element; however,
there has been an intensifying trend towards fragmentation, with larger cores dividing
into smaller ones. Construction land had a significant spillover effect and was spatially
associated with cultivated land. The expansion of construction land encroached on sur-
rounding cultivated areas, leading to the reduced area and irregular shapes of the latter,
thereby intensifying landscape fragmentation. Future research can be conducted based
on the information obtained in this study to develop models to predict future patterns of
cultivated and construction land to provide suggestions for land resource policy making
and planning.
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