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Background: This study explores the spatiotemporal characteristics and key
driving factors of intensive cropland green innovation transitions in the Yangtze
River Delta region (YRD) from 2000 to 2020. The aim is to understand how
urbanization, agricultural restructuring, and green productivity improvements
have influenced cropland sustainability.

Methods: A comprehensive analytical framework was constructed from three
dimensions: landscape attributes, structural attributes, and production attributes.
Using landscape pattern indices, Shannon diversity index, and green total factor
productivity (GTFP) calculated via data envelopment analysis (DEA), this study
quantified changes in cropland use and agricultural practices over two decades.

Results: The findings revealed significant cropland reduction, particularly in highly
urbanized areas such as Shanghai and Jiangsu, driven by rapid urban expansion
and industrialization. Agricultural diversity improved in cities like Ningbo and
Nantong, while Shanghai experienced a decline in planting diversity. GTFP
significantly increased across most cities due to technological advancements,
especially in Nanjing and Hangzhou. However, regions such as Hefei showed
limited progress in green technological adoption. Intensive Cropland is undergoing
rapid transformation, and there are obvious signs of internal differentiation in
economically developed regions, with more pronounced changes in regions.

Conclusion: This study concludes that region-specific strategies are necessary
to balance urban growth with cropland preservation, optimize agricultural
structures, and promote green agricultural technologies to ensure sustainable
agricultural development in the YRD.

KEYWORDS

cropland green innovation, spatiotemporal analysis, the Yangtze River Delta region,
agricultural sustainability, green total factor productivity

1 Introduction

Sustainable agricultural development is essential to address the food security challenges posed
by climate change, ecosystem degradation, and population growth (Abbasi and Zhang, 2024).
Many countries, particularly developed countries, have focused on agricultural transformation
and land use efficiency (Amanullah and Khalid, 2020). These efforts include the adoption of green
agricultural technologies and optimization of land resources (Hristov et al., 2020).

As one of the most populous nations, China faces immense pressure on its arable land and
food security, exacerbated by rapid urbanization and economic growth. In recent decades, changes
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in land use have led to a significant decline in arable land (He et al.,
2017). The national “green development” strategy promotes sustainable
agriculture through green technologies, land protection policies, and
land use optimization (Shen et al., 2020). The Yangtze River Delta (YRD)
is of particular importance due to its high level of urbanization and
industrialization. YRD is not only critical to Chinas food security, but
also serves as a model for other developing regions. While policies in
YRD have improved agricultural diversity and cropping patterns (Li and
Cui, 2024). Disparities remain, with some cities facing significant land
loss and limited crop diversity (Fan et al., 2024). Therefore, a detailed
analysis of YRD cropland, its spatial and temporal changes, and the
drivers of green innovation is needed to guide agricultural transitions in
similar urbanizing regions.

Green innovation is the key to sustainable agriculture (Zhang
W.etal., 2024). However, balancing economic growth with sustainable
land use and reducing environmental impacts while maintaining
production efficiency remains a challenge. While many studies focus
on improving production efficiency through technological progress,
limited attention has been paid to the spatial and temporal patterns of
green land transformation and regional differences (Preusse et al.,
2024). Landscape fragmentation, reduced crop diversity, and regional
differences in production efficiency pose significant barriers to the
greening of agricultural land. Qiu et al. showed how landscape
fragmentation promotes crop diversification (Qiu et al., 2020), while
Yin et al. identified regional differences in intensification. Intensive
land use can also improve energy efficiency (Yin et al, 2019).
Promoting technological innovation, optimizing cropping patterns,
and improving resource efficiency can significantly improve
agricultural sustainability (Xu et al., 2020; Monteleone et al., 2018).

Therefore, it is imperative to integrate the analysis of landscape
change, the structure of agricultural cropping, and production
efficiency to investigate their impact on the green transformation of
cropland and the underlying driving mechanisms. The establishment
of a comprehensive research framework is essential to attain a
profound comprehension of the dynamic shifts in the utilization of
cropland and the driving factors that precipitate them. The main
objective of this paper is to develop an analytical framework based on
‘landscape attributes) ‘structural attributes’ and ‘production attributes’
to study the spatial and temporal characteristics of green innovation
in intensive farmland in the YRD region from 2000 to 2020. This
research integrates the landscape pattern index, the Shannon diversity
index, and the Malmquist index of productivity (MI) from the DEA
model to assess the green transformation of agriculture. By combining
statistical and spatial analysis, these methods provide a comprehensive
view of the evolution of green innovation in intensive agriculture and
identify the driving forces behind this transformation.

This study addresses key questions: (1) What are the spatial and
temporal characteristics of intensive agricultural land in the YRD
region? (2) How does the cropping structure evolve across regions? (3)
What are the pathways and regional differences in green total factor
productivity? (4) What factors drive the green innovation
transformation of cropland? These questions are effectively explored
through the application of the selected models. The landscape pattern
index helps to assess the spatial dynamics of farmland, including
fragmentation and connectivity, which are essential for sustainable
land use. The Shannon diversity index shows how cropping structures
change over time and space, reflecting the biodiversity and complexity
of farming practices. The Malmquist index of productivity (MI) tracks
changes in productivity, allowing assessment of technological advances
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and efficiency improvements in agricultural practices. These models
are key to answering the research questions because they allow for a
robust, multifaceted analysis of the spatial and temporal dynamics of
farmland transformation and the factors influencing green innovation.

This research not only provides empirical support for green
agricultural transformation in the YRD, but also offers valuable insights
for land use management and policy making in other similar regions,
contributing new perspectives and policy recommendations for
enhancing agricultural sustainability and improving resource efficiency.

2 Materials and methods
2.1 Study area

The YRD region is located in the eastern part of China (30°20" to
32°30" north latitude and 119°24 to 122°30” east longitude). It is an
important intersection of the “Belt and Road” and the “Yangtze River
Economic Belt,” and the region is one of the most economically active,
open and innovative regions in China. The region is characterized by a
distinctive natural geography, with a humid subtropical monsoon
climate, four distinct seasons, and simultaneous rain and heat, which is
suitable for the development of a variety of agricultural production
methods. The region’s abundant water resources, derived from numerous
rivers and lakes, have contributed to its status as a prominent agricultural
production base in China. This distinction is particularly noteworthy in
the context of Chinas ongoing modernization and development,
underscoring the area’s significance in supporting agricultural activities
over an extended period (Wang et al., 2022; Liu et al., 2015).

In this study, we divide the research area by the administrative
boundaries of cities. According to the definition of the Outline of the
Plan for the Integrated Development of the YRD, the YRD region has
a total area of about 358,000 square kilometers, which covers all of
Shanghai Municipality and the three provinces (Jiangsu, Zhejiang, and
Anhui), with a total of 41 cities. LULC indicators and other agricultural
production panel data are integrated according to urban attributes
(Figures 1-5 and Tables 1-9).

2.1.1 Data sources

The data used in this paper cover sub-regional land use data and
agricultural production panel data in the YRD region from 2000 to
2020, and combined with panel statistics, mapping and spatial analysis
methods, it provides a solid data foundation for the study of green
innovation and transformation of municipal intensive farmland
ecosystems in the YRD.

1. Land-use data: The land-use data used in this paper come from
the CLCD data of the Cloud Platform for Resource and
Environmental Data of the Chinese Academy of Sciences,' with
a spatial resolution of 30 meters, and the recognition accuracy
of various land-use types is higher than 90%. The data includes
nine major land use types such as cropland, forest land,
construction land, etc., which can effectively reflect the trend
of land use changes in the YRD region between 2000 and 2020
(Luo et al., 2017).

1 http://www.Resdc.cn/Default.aspx
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FIGURE 2
Spatial and temporal pattern of land use in the YRD region: 2000-2020.
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2. Agricultural production panel data: Sourced from the National
Bureau of Statistics of China® Shanghai Statistics Bureau,’
Jiangsu Provincial Bureau of Statistics,' Zhejiang Provincial

2 http://www.stats.gov.cn
3 https://tjj.sh.gov.cn/
4 http://tj.jiangsu.gov.cn/
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Bureau of Statistics® and Anhui Provincial Bureau of Statistics,°
as well as the statistical bureaus of prefecture level cities. This
data provides important support for assessing the utilization
intensity of farmland ecosystems and changes in agricultural
production patterns (Liu et al., 2020).

5 http://tjj.zj.gov.cn/
6 http://tjj.ah.gov.cn/
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FIGURE 3
Rate of change of cropland utilization in the YRD region: 2000-2020.
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In order to ensure the accuracy and reliability of the data, this
paper validates the subregional grain sown area and production
data through the data provided by provincial and municipal
statistical bureaus. The amalgamation of these multi-source data
sets provides a robust foundation for spatial analysis, exploration
of spatiotemporal characteristics, and study of influencing factors
in this paper.

2.2 Research methodology

2.2.1 Land use change rate (LUCR)

The objective of this study is to assess the magnitude and speed of
the dynamic changes of various land use types in the YRD region
during the period of 2000-2020. To this end, the Land Use Change
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Rate (LUCR) method is employed. The LUCR has been demonstrated
to quantitatively describe the trend and intensity of land use change
between different points in time by calculating the magnitude of
change of various land use types in adjacent time periods (Ning et al.,
2018). Land Use Change Rate (LUCR).

The rate of land use change is calculated by the Equation 1:

LUCR=T><IOO% (1)
L

Among them:

o Ay s the area of a land use type at time t;;
o Ay is the area of the type at time t,;
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Evolution of spatial and temporal patterns of the Shannon diversity index for major crops sown in the YRD region: 2000-2020
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o LUCR is the rate of change (%) of the type over the t1 and t,
time periods.

This formula is employed to evaluate the intensity and rate of
change of each land-use type between two specified points in time.
A positive value of LUCR signifies an increase in the area of a
specific land use type, while a negative value denotes a decrease in
that area. The calculation of LUCR enables this study to make a
comprehensive quantitative assessment of the different types of land
use change.

2.2.2 Land-use transfer matrix

This study employs the land use transfer matrix method to
quantitatively analyze the interconversion relationship between
cropland and other land use types over different time periods. The
land use transfer matrix is a quantitative tool that can reveal the
dynamic change process between land use types by showing the
interconversion of a certain type of land use at different points in time
(Zhang and Lu, 2021; Niu et al., 2022).

The construction of land use transfer matrices for the following
time periods was undertaken: 2000-2005, 2005-2010, 2010-2015, and
2015-2020. The objective of this undertaking was to comprehensively
reveal the dynamics of cropland in the YRD region at different stages.
By analyzing the inter-transformation of different land types, the long-
term impacts of urban expansion, agricultural transformation, and
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ecological restoration on cropland patterns in the region can
be assessed.

2.2.3 Landscape pattern index analysis

This study quantitatively analyzes the spatial distribution and
quantitative scale of cropland by means of the Landscape Pattern
Index (Lamine et al., 2018). Combined with the actual situation of
intensive cropland in the YRD region, the following types of landscape
pattern indices were selected for analysis in this study:

The remote sensing image data were first processed to obtain the
spatial distribution of cropland at five time points (2000, 2005, 2010,
2015, and 2020). Image classification technology was used to
categorize land use types at each time point, extracting the spatial
information of cropland patches. Landscape pattern indices for these
cropland patches were then calculated using FRAGSTATS4.2, which
allowed the assessment of spatial patterns and fragmentation over
time. Finally, the results of the pattern index were analyzed in
combination with spatial and temporal trends in cropland use patterns
in the YRD region over the past 20 years, revealing the evolutionary
characteristics of cropland quantity, area, shape, and distribution
during the urbanization process.

2.2.4 Shannon diversity index

In order to study the changes in the diversity of major crop
planting structures during the green innovation transformation of

frontiersin.org
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Spatial and temporal pattern of green total factor productivity in agriculture in the YRD 2011-2020.

TABLE 1 Data source.

Number Data types

1 Land use data

Data source

CLCD data from the Chinese Academy of Sciences
Resource and Environmental Data Cloud Platform
(http://www.Resdc.cn/Default.aspx)

The spatial resolution is 30 meters

2 Agricultural production panel data

National Bureau of Statistics (http://www.stats.gov.cn)
Shanghai Statistics Bureau (https://tjj.sh.gov.cn/)
Jiangsu Statistics Bureau (http://tj.jiangsu.gov.cn/)
Zhejiang Statistics Bureau (http://tjj.zj.gov.cn/)

Anhui Statistics Bureau (http://tjj.ah.gov.cn/)

City Statistics Bureaus in the study area

agriculture in the YRD, this study introduced the Shannon Diversity
Index (SDI) as a core indicator to measure the diversity of crop
planting structures (Konopinski, 2020).

The Shannon diversity index (H’) was calculated as Equation 2:

H' = _Zpiln(l’i) 2)

Among them:

Frontiers in Sustainable Food Systems

« H-
higher diversity.

Shannon Diversity Index, larger values indicate

o S: Total number of crop species in the region.

o p;: The relative proportion of area occupied by crop i in the
region, i.e., the proportion of area planted with crop i to the total

area planted with the crop.

ln( pi ): Take the natural logarithm of the relative area of the crop.

The index takes into account not only the number of crop species,
but also the proportion of area planted with different crops, thus

frontiersin.org
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TABLE 2 Landscape pattern indices.

10.3389/fsufs.2025.1551146

First order index Secondary index Abbreviation Unit
Class area CA hm?
Percent of landscape PLAND %
Area-Edge
Area-Weighted Mean Patch Area AREA_AM hm?
Largest patch index LPI %
Patch density PD /100 hm?
Density and difference
Number of patches NP
Edge Edge density ED m/hm?
Landscape shape index LSI /
Shape
Area-weighted mean shape index SHAPE_AM /
Aggregation Aggregation index Al %
TABLE 3 Indicators for the calculation of GTFP.
Category Indicator Unit Description
Pesticides Tons Amount of chemical pesticides used in agriculture.
Effective Irrigation Area 1,000 hectares Water resources input in agriculture, reflecting efficient irrigation use.
Amount of chemical fertilizers used in agriculture,
Fertilizers 10,000 tons
excess use may cause environmental pollution.
Input Crop Sown Area 1,000 hectares Utilization of arable land, reflecting the scale of agricultural production.
Total Agricultural 10,000 kW Level of agricultural mechanization, representing capital input
Machinery Power ’ in agricultural machinery.
Employment in Labor input in agriculture, reflecting the availability of human resources
10,000 persons
Primary Industry in agricultural production.
Grain Yield Tons Output of grain crops, measuring the efficiency of grain production.
Vegetable Yield Tons Output of vegetables, reflecting the efficiency of vegetable production.
Oil Crop Yield Tons Output of oil crops, reflecting the efficiency of oil crop production.
Desirable output Total Output Value of
Agriculture, Forestry, 10,000 Total output value of agriculture, forestry, animal husbandry, and fishery,
, an
Animal Husbandry, o representing overall agricultural economic benefit.
and Fishery
Undesirable Agricultural Carbon T Greenhouse gas emissions generated
ons
output Emissions from agricultural activities, mainly CO, emissions.

reflecting the abundance and evenness of distribution of crop species.
In this study, five time points, 2000, 2005, 2010, 2015, and 2020, were
selected to collect data on the area planted to major crops. Major crops
include cereals (e.g., rice, wheat, corn, beans, sweet potatoes), oilseeds
(e.g., peanuts, rapeseed), cotton, hemp, sugar, and vegetables.

2.2.5 Green Total Factor Productivity (GTFP)
calculation

Green Total Factor Productivity (GTFP) is an important indicator
of technological progress and management efficiency change in the
production system. The present study employs the Malmquist
productivity index in conjunction with technical efficiency change
(EC) and technological change (TC) to facilitate an exhaustive
examination of agricultural production efficiency in disparate years
and metropolitan areas (Liu et al., 2021).

The GTFP calculation method is predicated on the Data
Envelopment Analysis (DEA) model and the Malmquist
Productivity Index. It has the capacity to assess the increase or
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decrease in agricultural productivity in different regions at
different times, especially after the introduction of environmental
costs (undesired outputs) on the application of green technologies
and the development of environmentally friendly agriculture
(Yang et al.,, 2022). In this study, the following input, desired
output and non-desired output indicators were selected in the
GTFP calculation:

Based on multi-city and multi-year agricultural production data,
this study used the Malmquist Index (MI) to measure the green total
factor productivity of agricultural production in 41 cities in the YRD
region during the period 2011-2020. The Malmquist Index (MI) was
calculated as Equation 3:

_EC(t—l,t)XTC(t—l,t)

MI(t-1t)= EC(tt) ~ TC(tt) 3)

Among them:
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Cropland/ Forest/ | Shrub/ Grassland/ Barren/ = Impervious/ Wetland/
hm? hm? hm? hm? hm? hm? hm?
Cropland/
- 26,379,958.05 353,736.36 2.79 3,785.13 343,821.69 5.85 574,686.9 27,655,996.77
m
Forest/hm? 207,489.24 14,031,901.8 193.95 51.66 200.97 12,728.97 14,252,566.59
Shrub/hm? 513 469.53 1,078.83 38.7 1,638.36
Grassland/
- 5,640.39 900.72 17.82 18,143.91 205.29 50.67 1,461.06 26,419.86
m
Water/hm? 153,225 3,095.73 102.69 2,811,170.25 137.88 37,430.55 3,005,162.1
Sonw/Ice/
0.27 027

hm?
Barren/hm? 234.36 187.38 501.48 1,145.34 641.88 2,710.44
Impervious/
- 1,959.12 1.08 58,532.58 1.26 3,319,082.28 3,379,576.32
m’
Wetland/

0.09 0.09 0.18
hm?
Total/hm? 26,748,557.46 | 14,390,10522  1,293.39 22,309.56 321443226 | 134127 3,946,031.64 0.09 48,613,017.51

TABLE 5 Cropland utilization transfer moments in YRD: 2005-2010.

2010
Cropland/ Forest/ Shrub/ Grassland/ Water/ Impervious/ = Total/hm?
hm? hm? hm? hm? hm? hm?

Cropland/hm? | 25,499,900.34 296,914.05 3.96 6,894.9 244,849.5 29.97 699,964.74 26,748,557.46
Forest/hm? 255,726.81 14,117,966.91 149.85 136.44 243.81 15,881.4 14,390,105.22
Shrub/hm? 88.83 308.16 806.31 90.09 1,293.39
Grassland/
- 3,464.46 823.32 6.48 15,931.8 112.05 249.84 1,721.61 22,309.56
Water/hm? 201,772.53 2,384.37 183.69 2,943,102.69 216.9 66,772.08 3,214,432.26
Barren/hm? 90 38.43 189.54 481.05 542.25 1,341.27
Impervious/
e 982.89 5.49 0.72 42,303.06 0.36 3,902,739.12 3,946,031.64
Wetland/hm? 0.09 0.09
Total/hm? 25,962,025.86 14,418,402.3 966.6 23,276.07 3,230,800.74 978.12 4,687,621.2 48,613,017.51

TABLE 6 Cropland utilization transfer moments in YRD: 2010-2015.

2015
Cropland/ Forest/ Shrub/ Grassland/ Water/ Barren/ Impervious/  Total/hm?
hm? hm? hm? hm? hm? hm? hm?

Cropland/hm? 24,782,494.5 151,283.16 6.03 2,534.04 216,312.48 1.62 809,394.03 25,962,025.86
Forest/hm? 538,018.65 13,862,719.98 119.34 99.81 144.09 17,300.43 14,418,402.3
Shrub/hm? 12.78 146.97 692.19 114.57 0.09 966.6
Grassland/

. 3,580.56 737.64 5.85 12,384.81 109.62 71.73 6,385.86 23,276.07
Water/hm? 216,757.53 376.02 28.17 2,945,468.07 158.76 68,012.19 3,230,800.74
Barren/hm? 70.74 52.65 84.6 417.33 352.8 978.12
Impervious/

- 191.97 1.71 28,004.76 4,659,422.76 4,687,621.2
Total/hm? 25,541,126.73 14,015,265.48 823.41 15,214.05 3,190,123.62 649.44 5,560,868.16 48,613,017.51
Frontiers in Sustainable Food Systems 08 frontiersin.org
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TABLE 7 Cropland utilization transfer moments in YRD: 2015-2020.

2020
Cropland/ Forest/ Shrub/ Grassland/ Water/ Barren/ Impervious/ = Total/hm?
hm? hm? hm? hm? hm? hm? hm?

Cropland/hm® | 24,764,287.68 222,061.95 5.04 701.37 116,897.76 243 437,170.5 25,541,126.73
Forest/hm? 362,503.17 13,644,564.12 111.87 101.79 156.15 7,828.38 14,015,265.48
Shrub/hm? 22.59 212.67 553.77 34.38 823.41
Grassland/
- 6,404.22 1,345.59 25.2 6,309.63 36.63 90.45 1,002.33 15,214.05
Water/hm? 319,451.76 260.28 8.91 2,820,211.02 198.63 49,993.02 3,190,123.62
Barren/hm’ 88.56 0.09 14.76 35.55 290.88 219.6 649.44
Impervious/
- 613.62 0.99 0.18 20,818.17 0.63 5,539,434.57 5,560,868.16
Total/hm? 25,453,371.6 13,868,445.69 695.88 7,171.02 2,958,155.28 583.02 6,035,648.4 48,613,017.51

TABLE 8 Cropland landscape pattern index (Zhejiang and Jiangsu provinces: 2000-2020).

Zhejiang Jiangsu

2005 2010 2010
CA 3,499,0735 | 3,276,352.1 | 3,101,410.1 = 3,194,619.6 = 3,206,103.7 | 11,079,574 10,740,288 10,427,401 10,074,006 10,024,018
PLAND 25.6396 24,0076 227257 23.4087 23.4928 76.0302 73.7019 71.5548 69.1298 68.7867
NP 240,793 251,873 260,387 268,194 260,827 113,042 144,181 179,845 6,537 203,097
PD 1.7644 1.8456 1.908 1.9652 19112 0.7757 0.9894 1.2341 1.4559 1.3937
LPI 7.0662 5.3698 3.8167 3.5437 3.6298 52.1336 25.819 22.87 21.8886 24.1225
ED 26.4376 28.4217 29.0994 327119 320118 36.3077 39.6018 41.9344 45.9833 45,9821
LSI 482.956 536.4167 564.4535 625.1115 610.6901 399.0866 441,905 4747906 529.5102 530.8054
AREA_
M 328,359.45 | 210,890.03 137,144.01 109,178.49 | 109,657.27 | 5508,002.8 = 2,795156.6 = 1,652,730.3 | 1,772,841.9 | 1,779,140.4
SHAPE_
" 61.6716 56.2659 49.0718 45.7421 44.4619 222.0463 172.7107 133.9534 162.27 160.5469
Al 92.269 91.1239 90.3996 89.5225 89.7824 96.4117 95.9634 95.5978 95.004 94.9792

TABLE 9 Cropland landscape pattern index (Shanghai and Anhui Province: 2000-2020).

Shanghai
2010 2015 2020

CA 687,905.46 | 633,897.54 | 586,863.09 | 571,962.42 @ 561,96621 12,388,905 12,097,492 11,845,830 | 11,700,021 11,660,758
PLAND 69.9671 64.474 59.6901 58.1745 57.1578 63.8341 623325 61.0358 60.2846 60.0823
NP 12,045 19,539 25,044 6,537 27,096 206,907 206,465 215,384 6,537 209,366
PD 1.2251 1.9873 2.5472 2.6946 27559 1.0661 1.0638 1.1098 1.1513 1.0788
LPI 18.2118 15.0493 15.3397 15.8797 16.1299 27.0638 27.8759 25.0189 24.1138 27.2899
ED 40.7267 48.4947 50.7779 51.8887 50.5177 35.7331 35.8451 36.9559 39.1313 39.0354
LSI 121.9376 151.0343 164.2146 170.0288 167.0852 494.2509 501.7029 522.6373 556.7416 556.3261
AREA_
i 139,242.36 95734398 | 86306337 | 85,023.159 7763527  3,338,696.5 | 34267721 | 3,019,805.1 | 2,862,397.7 | 3,348,4732
SHAPE_
AM 45.959 42,5297 41.1005 417126 36.8674 198.184 205.5364 199.7707 203.7877 221.3984
Al 95.6235 94.3444 93.6048 932922 93.3503 95.7954 95.6809 95.4526 95.1253 95.1207
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MI denotes changes in total factor productivity. EC denotes
changes in technical efficiency, reflecting changes in resource
allocation and management levels across cities. TC denotes
technological progress, reflecting advances and innovations in
production technology.

3 Results

3.1 Characteristics of spatial and temporal
transformation of arable land use

3.1.1 Spatial and temporal characteristics of
arable land utilization

Between 2000 and 2020, the arable land area of the four provinces
and cities in the YRD region (Anhui, Jiangsu, Zhejiang, and Shanghai)
generally decreased, especially in Jiangsu and Shanghai. Overall,
economic development, urban expansion and industrialization in the
YRD region have brought about significant impacts on arable
land resources.

Despite the relatively slow rate of urbanization in Anhui Province,
the area of arable land has been encroached upon as a result of the
accelerated process of industrialization. Moreover, the pursuit of
economic growth and the development of infrastructure have exerted
persistent pressure on arable land resources. Jiangsu Province has
witnessed the most substantial contraction in cropland area, with a
decline of 7,571.76 hm* over the span of two decades. Jiangsu
Province, a prominent economic powerhouse within the YRD region,
has undergone rapid urbanization and industrialization, placing
substantial pressure on its arable land resources. Specifically, between
2000 and 2010, Jiangsu experienced a substantial decrease of
approximately 4,647 hm? in arable land area, primarily attributable to
demands for urban expansion and industrial zone construction. In
comparison, Zhejiang Province witnessed a decline in cropland from
26,619.47 hm? in the year 2000 to 24,583.35 hm?” in 2020, marking an
approximate reduction of 2,036 hm? In comparison with Jiangsu
Province, the decline in arable land in Zhejiang Province is
comparatively modest. Zhejiang Province has adopted a diversified
economic development model, one that emphasizes high-value-added
industries while implementing stringent measures to protect its arable
land. Conversely, Shanghai, a leading economic hub in China, has
witnessed a substantial decline in its arable land, amounting to
approximately 17% over the past two decades. The city’s arable land
decreased from 5,102.58 hm? in the year 2000 to 4,229.34 hm? in 2020.
This decline is attributable to the rapid urbanization of Shanghai,
which has led to significant encroachment of urban expansion onto
arable land. A particularly notable period occurred from 2000 to 2010,
when arable land in Shanghai decreased at an accelerated rate of
approximately 690 hm? per decade.

3.1.2 Rate of change in cropland utilization

Overall from 2000 to 2020, most cities in the YRD region show a
significant trend of decreasing arable land. In particular, the
occupation of arable land by the rapid expansion of urbanization was
more significant during the periods 2000-2005 and 2005-2010. The
main reasons for the reduction of arable land include urban expansion,
industrialization, infrastructure construction and changes in land
use patterns.
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2000-2005 and 2005-2010: The decrease in arable land is
particularly significant, with the rate of change of arable land in some
cities, such as Suzhou, Hangzhou and Wuxi, exceeding —10 per cent,
demonstrating the strong demand for land resources as a result of
urbanization. Especially in these economically developed areas, arable
land resources are under greater pressure, and land resources are
gradually being transformed to non-agricultural uses.

2010-2015 and 2015-2020: The decline in arable land has slowed
down, and there is even a trend toward the recovery of arable land in
some areas. With the implementation of ecological restoration policies
and the promotion of green agricultural development, the area of
Cropland in some cities has recovered, especially in some areas of
Zhejiang Province.

From the time dimension, the trend of arable land reduction in
the YRD shows obvious phase changes. In the early period (2000-
2010), the rate of arable land reduction is relatively fast, reflecting the
strong impetus of urbanization and industrialization. In the later
period (2010-2020), on the other hand, the rate of cropland reduction
tends to slow down, and cropland recovery occurs in some areas,
indicating a gradual adjustment of land use policies. In the entire YRD
region, the economically developed cities in Jiangsu and Zhejiang
provinces (e.g., Suzhou, Hangzhou, Wuxi, and Wenzhou) experienced
the most significant reduction in arable land. The rate of change of
arable land in these cities is generally low, especially during the period
2000-2010, and the large reduction of arable land area is directly
related to their rapid urbanization and expansion. As the core cities of
the YRD, these cities have a greater demand for land due to population
growth, industrial development and urban infrastructure
construction, resulting in the gradual replacement of arable land
resources by urban construction land and industrial land.

The trend of arable land reduction in cities such as Suzhou,
Hangzhou, and Wuxi was most obvious during the period 2000-2010,
with the rate of change of arable land once reaching more than —10%.
Although the rate of arable land reduction slowed down in the later
period (2015-2020), and some cities, such as Suzhou, even
experienced arable land recovery, overall, the arable land resources in
these areas are still under continuous pressure.

In contrast, some inland cities in Zhejiang Province (e.g., Quzhou,
Shaoxing, Jinhua, and Lishui) had positive rates of change in cropland
during 2010-2020, showing a significant trend of cropland restoration.
This may be related to local ecological restoration projects, returning
farmland to forests, and government policies to protect
agricultural land.

Lishui (+36.83%) and Wenzhou (+12.67%): these cities have seen
significant recovery of their arable land during 2010-2020, possibly
due to policy support as well as the implementation of ecological
restoration. Although the relative economic development of these
regions is slow, their land use policies are tilted toward green
transformation and ecological restoration, which promotes the
recovery of arable land resources.

There are significant differences in the changes in cropland
utilization between Jiangsu and Anhui provinces. Most cities in
Jiangsu Province experienced a relatively large reduction in arable
land during 2000-2010, which is closely related to the rapid
urbanization and industrialization of the province as the core region
of economic development in the YRD. Even in the later period (2015-
2020), the trend of arable land reduction still exists, especially in
Xuzhou and Jiaxing, where the reduction of arable land is still large.
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In contrast, some cities in Anhui Province (e.g., Hefei and Anqing)
have relatively smoother changes in cropland utilization during 2015-
2020, and some cities even show a trend of cropland recovery. This
may be related to the relatively slow rate of urbanization in Anhui
Province and the high degree of dependence on arable land resources
for agricultural development in the province.

Shanghai, as a municipality directly under the central government,
is relatively unique in terms of changes in arable land use: between
2000 and 2010, arable land in Shanghai declined significantly, and the
rapid expansion of urban construction resulted in a large amount of
arable land being converted to urban land. However, between 2015
and 2020, the rate of arable land reduction in Shanghai has slowed
down, indicating that with the tightening of land resources, Shanghai
may have adopted more stringent land management measures and
optimized land use.

3.1.3 Cropland utilization transfer matrix

Cropland in the YRD region shows a clear decreasing trend
between 2000 and 2020, which is categorized into the following stages.

2000-2005: initial phase of arable land reduction.

Cropland decreased 1,276,038.72 hm* in 2005, a decrease of
approximately 880,957.71 hm? Of this, 353,736.36 hm? of arable land
was converted to forest, 343,821.69 hm? of arable land was converted
to water, and 574,686.9 hm* was converted to Impervious land.

2005-2010: Continued reduction of arable land and increased
pressure of urbanization.

Cropland decreased by 1,248,657.12 hm” in these 5 years, of which
699,964.74 hm?* was converted into Impervious land, 296,914.05 hm?
into forests and 244,849.5 hm? into water.

2010-2015: Decline in arable land slowing down.

Cropland area decreased by 1,179,531.36 hm? of which
809,394.03 hm” was converted into Impervious land, 216,312.48 hm?
was converted into water, and 151,283.16 hm? was converted
into forest.

2015-2020:
urbanization persists.

Cropland area decreased by 776,839.05hm? of which
437,170.5 hm? was converted into Impervious land, 222,061.95 hm?
into forests, 116,897.76 hm? into water.

arable land decline continues to slow, but

3.1.4 Landscape pattern of arable land

Cultivated landscapes in all four provinces have experienced
significant fragmentation and decentralization over the past 20 years,
especially in Jiangsu Province and Shanghai Municipality, where
urban expansion has had a strong impact on cultivated landscapes,
leading to a decrease in cultivated area, an increase in the number of
patches, a rise in shape complexity, and a gradual fragmentation of the
landscape. However, the cultivated landscapes in Anhui Province are
relatively stable, and although the trend of fragmentation and
decentralization exists, the magnitude of its change is relatively small,
and the Cropland still maintains a high degree of aggregation. This
suggests that the agricultural landscape in Anhui Province is less
affected by urbanization, and still maintains a high degree of Cropland
connectivity and a low degree of landscape fragmentation.

Cultivated landscapes in Jiangsu Province and Shanghai have
suffered the most significant reduction in area, especially in Shanghai,
which has been squeezed by high urbanization. As urban expansion
intensifies, the area of cultivated landscapes is gradually replaced by
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other land use types. Zhejiang Province, too, has seen a decline in its
cropland area, though the rate of change is less pronounced than in
Jiangsu and Shanghai. Conversely, the cultivated landscapes in Anhui
Province have undergone a decline, yet they have maintained a
relatively high degree of stability. The most pronounced fragmentation
of cropland landscapes was observed in Jiangsu and Shanghai, as
evidenced by a significant increase in the number of patches (NP) and
patch density (PD). This indicates that cropland landscapes in these
regions have become fragmented into smaller, more dispersed patches.
This fragmentation may have negative ramifications for landscape
connectivity, ecosystem services, and the sustainability of agricultural
production. The trend of landscape fragmentation was also more
pronounced in Zhejiang Province, but the degree of fragmentation
was slightly lower than in Jiangsu and Shanghai. Conversely, the
landscape fragmentation process of cropland in Anhui Province
exhibited a more moderate trend, with the landscape maintaining a
high degree of continuity and aggregation. Specifically, the following
indicators reflect in detail the characteristics of the spatial and
temporal transformation of cropland utilization.

@ Area-edge indicator:

CA (Class Area): Jiangsu and Anhui provinces have the largest
areas of cultivated land, 10,042,018.38 ha and 11,660,757.57 ha,
respectively, indicating that they are still predominantly agricultural
provinces. However, the area of Cropland in all four provinces has
declined over the 20-year period, especially in Shanghai, from
687,905.46 ha in 2000 to 561,966.21 ha in 2020, indicating that
urbanization has squeezed the area of Cropland most significantly.

PLAND (Percent of Landscape): The proportion of arable land in
the landscape area shows a decreasing trend in all provinces. The
PLAND values of Jiangsu and Anhui provinces are 68.79 and 60.08%,
respectively, in 2020, while those of Zhejiang and Shanghai decrease
to 23.49 and 57.16% respectively, indicating that the proportion of
arable land in the overall land use in these regions is gradually
decreasing, especially in Shanghai, which is strongly affected by
urban expansion.

AREA_MN (Mean Patch Area): Anhui Province has the highest
AREA_MN value of 139,242.33 square meters in 2020, indicating that
its cropland landscapes are relatively intact and less fragmented. In
contrast, Shanghai has the lowest AREA_MN value of 77,635.27
square meters, indicating that the arable land is divided into smaller
units with the most serious fragmentation.

LPI (Largest Patch Index): The LPI values of the four provinces
show a decreasing trend, especially in Jiangsu Province, from 52.13 in
2000 to 24.12 in 2020, indicating that the dominant position of the
largest patches of Cropland in the landscape is gradually weakening,
and the landscape is becoming more fragmented. The LPI value of
Shanghai also declined from 18.21 to 16.12, reflecting that
urbanization has a greater impact on the importance of the dominant
patches of cropland landscapes.

® Density and difference indicator (Density and difference):

NP (Number of Patches): The NP values for Jiangsu Province and
Shanghai Municipality increase significantly, from 113,042 and 12,045
to 203,097 and 27,096,
fragmentation of cultivated landscapes. The NP value also increased

respectively, indicating increasing
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in Zhejiang Province, which was 260,827 in 2020, showing further
fragmentation of cropland. In contrast, the NP value in Anhui
Province is relatively stable at 209,366 in 2020, indicating a more
moderate trend of cropland fragmentation in the province.

PD (Patch Density): Shanghai’s PD value increases from 1.23 in
2000 to 2.76 in 2020, reflecting the most significant landscape
fragmentation. The PD value of Jiangsu Province increases from 0.78
to 1.39, showing that the degree of fragmentation is also increasing.
Zhejiang Province has a relatively high PD value, indicating that the
number of its cropland patches is increasing. The PD value of Anhui
Province, on the other hand, changed less, indicating that the cropland
landscape was relatively stable.

® Edge indicator (Edge):

ED (Edge Density): The ED value of Jiangsu Province increased
from 36.31 in 2000 to 45.98 in 2020, indicating that the complexity of
the landscape boundaries of arable land increased significantly and
landscape fragmentation intensified. The ED value of Shanghai
increased from 40.72 to 50.52, indicating that urbanization led to the
increasing complexity of the boundaries of cropland patches. The ED
value of Zhejiang Province increased from 26.44 to 32.01, with a
smaller change, while the ED value of Anhui Province increased from
35.73 to 39.05, showing that the boundary complexity of its cropland
landscapes increased more gently.

@ Shape indicator (Shape):

LSI (Landscape Shape Index): The LSI values of the four provinces
have increased, especially the LSI values of Jiangsu and Zhejiang
provinces have increased significantly, from 399.09 and 482.96 in 2000
to 530.81 and 610.69 in 2020, respectively, indicating that the shapes
of cropland patches are becoming more complex and irregular. The
LSI value of Shanghai is relatively small, but it also increases from
151.04 to 167.08, showing the change in the shape of cropland due to
urbanization. The LSI value of Anhui Province increased from 494.25
to 556.33, showing that the complexity of its patch shape is gradually
increasing, but the change is relatively mild.

SHAPE_AM (Mean Shape Index): The mean shape index
(SHAPE_AM) reflects the uniformity of patch shape. Zhejiang
Province’s SHAPE_AM decreases from 61.67 in 2000 to 44.46 in 2020,
indicating that the shape of its cropland tends to be simpler. SHAPE _
AM also decreased in Jiangsu and Shanghai, indicating that the
complexity of the shape of the patches was simplified in some aspects.
SHAPE_AM in Anhui Province, on the other hand, remained
relatively stable.

® Aggregation indicator (Aggregation):

Al (Aggregation Index): The Al values of Jiangsu Province and
Shanghai Municipality decreased from 96.41 and 95.62 in 2000 to
94.98 and 93.35 in 2020, indicating the gradual dispersion of cultivated
landscapes and increased fragmentation. The Al value of Zhejiang
Province decreased from 92.27 in 2000 to 89.78 in 2020, indicating the
gradual dispersion of cropland patches and the obvious trend of
landscape fragmentation. The AI value of Anhui Province has the
smallest change, decreasing from 95.80 to 95.12, indicating that its
cultivated landscapes still maintain a high degree of aggregation.
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3.2 Characteristics of the transformation of
the structure of agricultural production

Based on the Shannon Diversity Index of the agricultural cropping
structure of 41 cities in the YRD from 2000 to 2020, this study will
analyze these data from three aspects: the overall trend of change,
regional differences, and the specific situation of each city.

@ Overall trend of Shannon’s diversity index

General trend: The Shannon Diversity Index for most cities shows
a fluctuating trend between 2000 and 2020. The index has increased
in some cities, indicating a wider variety of crops and a more balanced
cropping structure in these areas, while the index has decreased in
some cities, indicating a homogenization of the cropping structure.

Changes in 2020 compared to 2000: Overall, the Shannon
Diversity Index in 2020 shows a varying degree of increase compared
t0 2000, especially in some large cities and areas with faster economic
development, where the diversity of the planting structure has
been enhanced.

® Analysis of regional differences

Cities in Jiangsu Province (e.g., Nanjing, Wuxi, Suzhou, Xuzhou,
etc.) have significant differences in the diversity of planting structures:
the Shannon Index in Nanjing is 1.44 in 2020, which overall has
remained stable since 2000 with small fluctuations, indicating that the
agricultural structure in Nanjing is relatively stable. The value of the
index in Wuxi changed less in 20 years and was 1.32 in 2020, showing
that the agricultural structure in Wuxi did not change significantly,
which may be related to the high degree of urbanization and
industrialization in Wuxi, with a relatively homogeneous agricultural
cultivation structure. The Shannon Diversity Index of Nantong and
Yancheng is 1.79 and 1.87 in 2020, showing a more diverse planting
structure, especially in Yancheng, where the Shannon Index has
increased significantly since 2000, indicating a gradual increase in the
diversity of crop species.

The Shannon Diversity Index of cities in Zhejiang Province shows
an overall high level: in 2020, the Shannon Diversity Index of
Hangzhou reached 1.73, maintaining a high level, showing that
Hangzhou’s agricultural cultivation structure is more diverse. The
index reaches 1.66 in 2020, steadily increasing since 2000, indicating
a gradual diversification of agricultural cropping structures in Ningbo.
Although the Shannon Diversity Index was high (1.43) in 2000, it
declined after 2015 to 1.39 in 2020, showing that Jiaxing’s cropping
structure tends to be more homogenized.

Cities in Anhui Province show significant changes in cropping
structure: the Shannon Index in Hefei decreases from 1.95 in 2000 to
1.42 in 2020, indicating a trend of concentration in the agricultural
structure, probably due to accelerated urbanization and the
transformation of agricultural production methods. The Shannon
Index of Bengbu is 1.57 in 2020, decreasing compared to 1.94 in 2000,
indicating a gradual centralization of the cropping structure over the
past 20 years. Huangshan’s Shannon Index is relatively stable, at 1.59 in
2020, and the diversity of agricultural planting structures remains at
a high level.

Shanghai’s Shannon Diversity Index was 1.45 in 2000 and declined
t0 0.94 in 2020, a large decrease. As a highly urbanized area, Shanghai’s
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agricultural cropping structure tends to be extremely concentrated,
probably due to the expansion of urban land, the shrinkage of
land, and the
cropping structure.

agricultural gradual homogenization of

3.3 Transformative performance of green
production in agriculture

From the perspective of the four provincial capital cities, the MI
value of Shanghai improves from 0.25381 to 1.4683 from 2012 to 2020,
meanwhile, the TC value is higher in the later period. It shows that in
the late period Shanghai has significantly improved in technological
progress. The MI value of Nanjing increases significantly from 1.1580
to 4.0458, which shows great technological progress and indicates that
Nanjing adopts more advanced technologies in the agricultural
production process. Hangzhou’s MI value grew from 1.1956 to 1.8895,
indicating good performance in technological progress, which drove
total factor productivity growth. In 2016, Hefei’s MI value was 0.8202,
indicating mediocre technological efficiency performance and slower
technological progress in that year. By 2020, the MI value has risen to
1.1229, with a TC value of 1, indicating enhanced technical progress
and a steady increase in total factor productivity.

The cities of Nanjing, Wuxi, and Xuzhou in Jiangsu Province
showed stable performance in terms of technical efficiency and
gradually enhanced technical progress after 2016, with a significant
increase in MI. This is related to the promotion of local agricultural
technology and the optimization of resource management. Cities such
as Nantong and Suzhou have relatively stable total factor productivity
growth, and the TC value shows greater technological progress,
indicating better continuity in the adoption of agricultural
technologies. Cities such as Hangzhou, Ningbo, and Wenzhou in
Zhejiang Province show strong technological progress, with MI values
improving after 2016, indicating significant results in technological
innovation and technology diffusion. Shaoxing and Jiaxing fluctuated
slightly in terms of technical efficiency, but the overall trend was
positive, indicating that the allocation of resources in regional
agricultural production was gradually optimized.

Cities in Anhui Province, such as Hefei and Wuhu, perform better
overall in terms of MI values, especially in terms of technological
progress (TC), and technological efficiency and total factor
productivity have improved with the upgrading of agricultural
production technologies and policy support. The MI values of Anqing
and Fuyang, among others, have increased significantly in 2020,
indicating that technological innovation has made significant progress
in the region, especially in the application of modern agricultural
machinery and new technologies.

4 Discussion

4.1 Urbanization and industrialization as
key drivers of cropland dynamics

The spatiotemporal characteristics of farmland use in the YRD

region are mainly driven by urbanization and industrialization. As the
regional economy grows rapidly, especially in Jiangsu and Shanghai,
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large-scale conversion of farmland into urban and industrial land has
been a significant consequence. This urban expansion, driven by the
need for infrastructure, residential and commercial areas, has directly
compressed agricultural land, affecting both the area and distribution
of farmland.

In Shanghai, urbanization and industrial growth led to a 17%
reduction in arable land between 2000 and 2010. Similarly, Jiangsu
experienced significant land loss as infrastructure and industrial zones
expanded, often at the expense of farmland. Conversely, Zhejiang has
been more effective in reducing farmland loss through rigorous land
use planning and ecological restoration, demonstrating that strong
policy enforcement and long-term planning can mitigate the impact
of urbanization and industrialization on farmland (Gao et al., 2023).

4.2 Impact of economic development and
policy on cropland changes

The rapid economic development and government policy trends
have further influenced the urbanization and industrialization of the
YRD region. A particularly salient period of this phenomenon
transpired from 2000 to 2010, a time marked by a substantial surge in
urban construction, infrastructural expansion, and an escalating
demand for industrial land. This dynamic, in turn, precipitated a
considerable occupation of arable land resources. This trend was most
evident in the economically developed regions of Jiangsu and
Zhejiang. In response to these challenges, the government has
implemented policies aimed at managing land resources, including
initiatives to restore ecological balance and to return farmland to
forests. These measures have contributed to a decrease in the area of
arable land in certain regions (e.g., the inland cities of Zhejiang) has
been restored during the 2010-2020 period.

Furthermore, advancements in agricultural technology and the
optimization of land use have contributed to the recovery of arable
land in select cities. The utilization of cropland is directly influenced
by disparities in regional economic development (Chen et al., 2021).
Economically developed regions exhibit a higher demand for
construction land, which results in a reduction of arable land.
Conversely, regions experiencing slower economic development
prioritize the protection of arable land in their land utilization
strategies, given the persistent role of agriculture as a significant
economic sector (Miao et al., 2021).

Changes in cropland utilization in the YRD region show obvious
spatial and temporal heterogeneity. In the context of intensive
agricultural transformation and green innovation, rational
optimization of land use, improvement of agricultural production
efficiency and implementation of effective ecological restoration
measures are the keys to achieving green and sustainable agricultural
development in the YRD region in the future (Deng et al., 2015).

4.3 Landscape fragmentation and
connectivity: effects of urban expansion on
cropland

Analysis of the landscape fragmentation indicators shows that the
highly urbanized landscape of Shanghai showed significant changes
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over 20 years, with CA decreasing by nearly 20% and PLAND
decreasing from 69.96 to 57.15%, reflecting the impact of urban
expansion on farmland. Increased NP and PD values indicated higher
landscape fragmentation, but the Al value remained relatively stable,
suggesting that connectivity within the farmland landscape was
somewhat preserved. In contrast, Quzhou in Zhejiang Province
showed decreased NP and PD values, indicating more integrated and
concentrated  farmland  landscapes due to intensive
agricultural management.

In all four provinces, landscape boundary complexity (ED) and
patch shape irregularity (LSI) increased, with Jiangsu and Zhejiang
showing greater fragmentation and disturbance. In Shanghai and
Anhui, these indices also increased, but to a lesser extent, reflecting
the impact of urbanization on farmland configuration. The decline in
Al in all provinces highlights increased fragmentation, particularly in
Jiangsu and Shanghai, where it has led to reduced connectivity
between patches and potential ecological degradation. Anhui,
however, maintained a higher degree of aggregation with
minimal fragmentation.

To address fragmentation and ecosystem degradation, the YRD
region needs to strengthen policies to conserve farmland and enhance
ecosystem functions. This includes adopting intensive agricultural
practices, integrating green technologies such as land consolidation,
and establishing ecological compensation mechanisms (Zhang
X.etal, 2024). Jiangsu and Shanghai need proactive policies to restore
and integrate fragmented landscapes, while Anhui should focus on
conserving its arable land while promoting green innovation for
sustainable agricultural development (Wu et al., 2018).

4.4 Structural shifts in agricultural
practices: modernization and policy
influence

The Shannon Diversity Index in certain cities, including Hefei,
Bengbu, and Suzhou, has undergone a gradual decline, suggesting that
the agricultural cultivation structure in these regions has undergone a
process of concentration. This phenomenon is likely associated with
the accelerated modernization of agriculture and the expansion of
urbanization (Jafari et al., 2022). These regions have undergone a
transition from small-scale, diversified planting patterns to large-scale,
intensive agricultural production methods. The increasing trend of the
Shannon Diversity Index in Yancheng, Ningbo, and Nantong indicates
a diversification of the agricultural cropping structure, which may
be attributable to policy-driven agricultural restructuring or the
gradual adoption of a more diverse array of cash crops by local farmers.
In highly urbanized cities such as, such as Shanghai, Wuxi and Suzhou,
the Shannon Diversity Index showed a clear downward trend,
indicating once again that the urbanization process has had a significant
impact on agricultural land and cropping structure, and agricultural
activities have gradually concentrated on a few high-efficiency crops.

The Shannon Diversity Index of most cities experienced
fluctuations during the 20-year period, with some areas showing
diversification of planting structures, while some highly urbanized
areas showed a trend of concentration of planting structures. In the
future, while continuing to promote the modernization of agriculture
in the YRD region, how to balance urbanization and the diversity of
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agricultural production will be an important issue for the sustainable
development of regional agriculture.

4.5 Technological innovation and
agricultural sustainability in green
production

Over the past 20 years, most cities have been relatively slow to
improve their technical efficiency, and technological progress has been
the main driver of total factor productivity (Xiao et al., 2022). Cities
have made some progress in technological innovation and technology
diffusion, especially Nanjing, Wuxi and Hangzhou, which have shown
significant technological progress in the later period. Despite the
outstanding performance of some cities, technological progress in
some cities still lags behind, such as Hefei and Zhoushan, and other
regions, which should strengthen technological training and
agricultural innovation capacity to promote high-quality agricultural
development in the future.

A study of provincial-level units across China shows that
technological innovations such as precision agriculture and
biotechnology can increase agricultural productivity while
maintaining environmental sustainability (Huang and Wang, 2024).
The main barriers to the implementation of green agricultural
technologies include issues such as economic costs and lack of
incentives, social issues such as implementation cycles and risk
perceptions, and practical challenges such as infrastructural
constraints and regulatory barriers (Mao et al., 2021; Do et al., 2023).
Taking Jiangsu and Zhejiang as examples. Jiangsu Province has
promoted the development of new agricultural productivity by
developing project agriculture, facility agriculture, smart agriculture
and green agriculture. Key measures include: introducing key
projects, improving facility agriculture mechanization, building
smart agricultural parks and digital farms, and taking the lead in
establishing an agricultural green development monitoring system
in the Taihu Lake area to promote the scientific and technological
support of green agriculture and the quality and safety supervision
of agricultural products, and have achieved remarkable results.
Zhejiang Province has achieved remarkable results by developing
efficient ecological agriculture and implementing green agricultural
reforms. Measures include: promoting integrated rice-fish farming,
implementing real-name purchase and quota application of
fertilizers and pesticides, promoting the reform of the “two systems
of fertilizers and pesticides,” strengthening the resource utilization
of livestock and poultry manure, and promoting standardized
agricultural production and green technology support. In addition,
digital reforms and the “Zhejiang Agricultural Code” traceability
system have promoted the coordination of production and
marketing, and improved the quality and safety of agricultural
products and their market competitiveness. These ongoing green
agricultural transformation measures further demonstrate the
importance of green innovation transition of intensive cropland in
the new agricultural production system.

In view of the differences in technical efficiency in different
regions, local governments should coordinate financial and technical
support for technologically backward regions in the future, especially
in the promotion of agricultural mechanization and smart agricultural
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technology, to promote the overall improvement of technical
efficiency. At the same time, increase the fixed-point docking policy
for developed regions, complement each other’s advantages, and drive
development one-to-one.

5 Conclusion

This study analyzes the green innovation transformation of
intensive farmland in the YRD region from 2000 to 2020. The key
findings are as follows:

(1) Landscape attributes: fragmentation and aggregation of
cropland

Cropland landscapes have become more fragmented over the past
20 years, especially in Jiangsu and Shanghai, due to urbanization and
industrial expansion. Although some areas, like Anhui, maintain
higher aggregation, policies should focus on reducing fragmentation
and improving landscape connectivity.

(2) Structural attributes: cropping structure diversity and
optimization

Regions like Nantong and Yancheng have successfully diversified
their cropping structures. In contrast, urbanized areas like Shanghai
show concentrated cropping patterns. Future policies should promote
crop diversification in developed regions and guide areas with
homogenized cropping structures toward more diverse practices.

(3) Production attributes: green productivity and technological
progress

Green total factor productivity (GTFP) has improved in most
cities, driven by technological advancements, especially in Nanjing
and Hangzhou. However, some regions still lag behind. These areas
should invest more in agricultural technology and provide incentives
for green tech adoption to enhance sustainability.

The green transformation of cropland in the YRD region has
varied significantly. Regional policies should focus on technological
innovation, agricultural structure optimization, and landscape
protection to promote sustainable agricultural development. In the
future, the YRD region can achieve complementary and synergistic
development of regional advantages and promote high-quality
economic integration by strengthening policy coordination,
optimizing the division of labor in the industry, promoting green
development, upgrading infrastructure connectivity, enhancing
cooperation in science and technology innovation, and facilitating the
flow of talents.
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