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Abstract: Ecological land has two definitions: the broad category and the narrow category. This paper
studied the narrow category, which refers to the land whose main purpose is to provide ecological
services, such as environmental regulation and biological conservation. Ecological land areas are
likely to decrease with the development of urbanisation all over the world, which poses potential
risks to the environment, society, and public health, and low utilisation efficiency of ecological land
will exacerbate this risk. Based on the actual input–output situation of ecological land utilisation, we
constructed an index system in the Yangtze Delta to measure the ecological land utilisation efficiency
with a Slack-Based Model (SBM) in the data envelopment analysis (DEA). The results revealed that the
comprehensive efficiency exhibited an increasing trend from 2012 to 2020, and more high-efficiency
cities appeared in the areas closer to Shanghai. Both the technical efficiency and scale efficiency
increased over the research period. The technical efficiencies in most cities were efficient and equal
to the scale efficiencies. Among the remaining cities, the technical efficiencies and scale efficiencies
were inefficient and not synchronous. In addition, we found that the that poor efficiencies of some
cities can mainly be attributed to low-technology, an unsuited-scale, or a combination of these. In
the future, improvement should be focused on the economical and intensive use of ecological land,
technical innovations, and the optimal scale. The present results can provide references for making
scientific decisions regarding the efficient utilisation of ecological land in the Yangtze Delta and other
similar rapid-urbanization areas.

Keywords: sustainable urbanization; ecological land; utilisation efficiency; DEA-SBM; the Yangtze Delta

1. Introduction

Rapid urbanisation and industrialisation worldwide have contributed to the expan-
sion of construction land and the shrinkage of ecological land with ecological regulation
functions [1–4]. This exacerbates global damage to ecosystems [5–9] and causes ecological
security concerns [10,11]. Urbanisation is one of the most transformative trends in the 21st
century [12]. With the growth of urban populations and economies, urban entities have
expanded their land area and spatial scope.

The main causes are the differences in the land rent prices between urban and rural
areas, the profit seeking nature of capital [13,14], and the personal choices of the middle
class [15,16]. Urban renewal caused by traffic improvement, especially the installation or
expansion of public transport facilities, which is making rapid progress in more advanced
European countries and being prepared for in other countries, promotes urban expansion.

With economic recovery and prosperity in the post-COVID-19 period, urban renewal
activities may expand rapidly [17]. Urbanisation is the inevitable product of economic
development and technological advancement. It promotes the rapid development of
human civilization and the rapid growth of social material and spiritual wealth. However,
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urbanisation has also brought some negative effects regarding human and environmental
well-being. These include water pollution and food security [12], air pollution that spreads
many diseases including COVID-19 [18], loss and fragmentation of biological habitats [19]
etc. pose challenges to human sustainable development goals, especially in developing
economies, such as India, Vietnam, Sri Lanka, the Philippines, and Indonesia [12].

In the fast-growing Great Bay Area (GBA) of Guangdong, Hong Kong, and Macao in
China, there is sufficient evidence that urbanisation leads to a general decline in natural
habitats and ecosystem services, such as water conservation, soil conservation, and carbon
sequestration [20]. These side effects of urbanisation will affect or even hinder the further
development of human civilization.

Many programmes have been implemented to reduce or offset the side effects of
urbanisation. From the perspective of urban planning, the 15-Minute Life Cycle [21] and
Superblock Street Networks [22] with walking [18] or cycling have been increasingly used
all over the world. From the perspective of industrial adjustment, the adjustment from
productive industries to producer services to reduce export pollution has also achieved
successful results in some cities, such as Bilbao in Spain [23].

From the perspective beyond the city, some countries and regions, such as the United
States [24], the European Union [25], and China [26], have attached importance to ecological
land utilisation outside the city to deal with the resource and environmental problems
caused by urbanisation. The implementation of these programs can alleviate the negative
impacts caused by urbanisation in different ways.

In 1997, the American Environmental Monitoring and Assessment Program began
monitoring the status of ecological land in the United States [24]. Since the beginning of the
21st century, various regions in developing countries, including the Mumbai Metropolitan
Region in India [27], Mekong Delta in Vietnam [28], and Southeast Region in Brazil [29],
have been faced with the reduction of ecological land, which makes various sectors grad-
ually pay increased attention to the sustainability of ecological lands [1,30–33]. In the
Millennium Ecosystem Assessment Reports published in 2005, the United Nations En-
vironment Programme stressed the importance of the active participation of countries
worldwide in the sustainable development and governance of ecological land [25].

The European Union’s 7th Environment Action Programme published in 2012 also
highlighted the importance of increasing land resource utilisation efficiency while maintain-
ing the sustainable development of ecological land [34]. In 2018, China identified ecological
civilisation as its new national strategy for sustainable development [26]. In the meantime,
scholars all over the world also performed scientific research on the sustainable utilisation
of ecological land from various perspectives and achieved many meaningful results.

Ecological land is a critical resource. It has social functions (e.g., providing resources
and assets to society) and ecosystem service functions (e.g., regulating and improving
regional environmental quality) [35–37]. In the 1990s, Klijn et al. began to study ecological
land and its classification [38]. Ecological land was referred to as land resources capable
of providing material products or factors while offering ecological regulation services in
studies by Yang and Gao et al., and the examples they provided of such land included
farmland, woodland, wetland, grassland, and waters [39,40].

The pattern of change of a specific ecological land type, namely forests [41], grass-
lands [42], and wetlands [43], were investigated by Watson et al., Zhang et al., and
Hansen et al., and the overall pattern of change of all ecological land types was exam-
ined by An [44]. Different scholars defined the connotation of ecological land according to
different research objectives, and there were certain differences in accounting the scope of
ecological land due to the different levels of land division standards used.

Ecological land has multiple functional values, and its ecosystem service value has
attracted particular attention. Guo et al. and Wang et al. evaluated the green benefits of
water resources and the ecological security of forests, respectively [45,46]. Scholars, includ-
ing Wang et al., Wang et al., and Hu et al., examined the ecosystem service value of land
and how changes of urban land use affect ecosystem services [8,31,47]. The comprehensive
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value of ecological land is another area that merits attention. Scholars put forward evalua-
tion frameworks of comprehensive value of ecological land from multiple perspectives.

On the basis of the relationship between agriculture and soil stability, Scott proposed
a framework for evaluating the values of a farmland system’s material production ser-
vice and environmental regulation service functions; the framework was used to analyse
the functional values of land resources and the repulsive relationship between the two
functions [48]. Straton established an evaluation framework for the complex functions of
ecological land on the basis of the land’s intrinsic quality and the subjective evaluation of
consumers [49].

On this basis, scholars continued to deeply explore the factors affecting the comprehen-
sive value of ecological land and the action law of influencing factors. From the perspective
of system dynamics, Mäler studied the material production and environmental regulation
services of lakes and identified dynamic factors and mechanisms affecting the provision of
such services [50]. The above research found that there was a contradictory and unified
relationship between the multiple functional values of ecological land, which needs to
be handled appropriately in order to ensure the efficient work of the functional value of
ecological land.

Improving the utilisation efficiency of ecological land is key to maintaining its function
and sustainability. Zhang et al. and Gao et al. evaluated the utilisation efficiency of
water resources [51,52]; Zhou et al. and Zhu et al. assessed the utilisation efficiency of
farmland and all lands, respectively, and analysed temporospatial patterns of change in
them [53,54]. Data envelopment analysis (DEA), a method commonly used to evaluate
efficiency, facilitates effective analysis of the relative efficiency of various types of decision
units with multiple inputs and outputs [55].

The DEA model has undergone constant revision for efficiency measurements under
various conditions [1,7,30,56–58]. Among many efficiency evaluation methods, the DEA
model is a method with objectivity, convenience, and clear social significance that providing
management information for competent departments. In this paper, SBM with undesired
outputs in DEA will be used for corresponding research.

The aforementioned studies predominantly investigated ecological land from the
perspectives of conception, classification, functional value, and the utilisation efficiency of
single ecological land types. Little research has been conducted on the overall utilisation
efficiency of all ecological land types in a region, and no effective evaluation method has
been established for said efficiency. In this study, by taking the Yangtze Delta as a case
study, the objective law of ecological land utilisation efficiency was investigated.

The primary goals of this study are to (1) explore the temporospatial characteristics of
the comprehensive efficiency of ecological land utilisation; (2) determine the characteristics
of technical efficiency and scale efficiency, as well as their relations; and (3) reveal the
causes of low utilisation efficiency of ecological land and propose accurate measures for
the improvement of utilisation efficiency. The evaluation of the utilisation efficiency of
ecological land is expected to provide a scientific basis for making adaptation and mitigation
strategies in the Yangtze Delta and other regions with similar ecological land shrinkage
characteristics. Figure 1 displays the technical routes of the study.
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The Yangtze Delta is among the most economically active and innovative regions in
China and of great importance to national development with high quality. However, rapid
development has caused the already-small ecological land in this region—such as forest,
grassland, and waters—to shrink further. Currently, the total area of forest, grassland, and
waters in the Yangtze Delta is approximately 1322 ha, accounting for 38.10% of all land
types. Approximately 997 ha are forest, distributed mainly in the south of the Yangtze Delta.
Approximately 110 ha are grassland distributed mostly in the southwest. Approximately
215 ha are waters, found mainly on the banks of the Yangtze River. Research into how
ecological land utilisation, such as for forest, grassland, and waters, can be heightened is
vital for the region’s development.

2.2. Methodology
2.2.1. Definition of Ecological Land Utilisation

Ecological land has two definitions: the broad category and the narrow category. This
paper studied the narrow category, which refers to land whose main purpose is to provide
ecological services, such as environmental regulation and biological conservation, and
emphasizes the integrity of its spatial structure and the comprehensiveness of its ecological
service functions. This study referred to the definition of Yu et al. for ecological land: a
land type that primarily provides ecosystem service functions in a region, accompanied by
auxiliary production functions [60,61].

The main types of such land include forest, grassland, and waters [62]. Abandoned
farmland [63,64] that can provide ecosystem service functions was generally classified as
cultivated land that primarily provides production functions supplemented by ecosystem
service functions [40], and thus it was not included in the research scope of this paper. Given
the dual functions of ecological land, namely its social and ecosystem service functions, the
land’s utilisation efficiency must be heightened to boost socioeconomic development while
a virtuous circle in the ecological system is maintained.

2.2.2. Evaluation Indicator System for Ecological Land Utilisation Efficiency

Based on the definition of ecological land, according to the construction framework
of indicator systems in data envelopment analysis (DEA), this study established a system
of input indicators from the perspectives of ecological land, labour, and capital as well
as a system of desirable and undesirable output indicators from economic, social, and
environmental perspectives (Table 1). In the process of ecological land utilisation, the
ecological land, labour, and capital as the input side are the natural material carrier, the
means, and the socio-economic resource, respectively.

Table 1. System of evaluation indicators for the ecological land utilisation efficiency.

Indicator Type Indicator Attribute Indicator Component Measurement Indicator

Input indicator

Ecological land input

Forest Total area of forest (km2)

Grassland Total area of grassland (km2)

Waters Total area of waters (km2)

Labour input Labour Number of people working on
ecological land (10,000 people)

Capital input Capital Amount of fixed capital
investment (100 million RMB)

Output indicator
Desirable indicator

Economic output Product Gross domestic product
(100 million RMB)

Social output Townspeople Urbanisation rate (%)

Ecological service output Water quality BCWQI

Undesirable indicator Ecological pollution output Air pollutant PM2.5 concentration (µg/m3)
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Economic development, social progress, and environmental protection as the output
side are the three pillars of human sustainable development [65]. Ecological land input
comprises forest, grassland, and water inputs; these were measured using their respective
total areas. Labour and capital inputs were measured, respectively, using the number
of individuals whose jobs involve developing, producing, or managing such land and
the amount of fixed capital investment into such land. The number of people working
on ecological land was obtained by deducting the number of people in the labour force
engaged in farming from the number of people in the rural labour force in the corresponding
statistical yearbook.

The amount of fixed capital investment refers to the workload and the changes of
related expenses of building and purchasing fixed assets on ecological land over a period
of time. This was obtained after the conversion of two variables: the amount of fixed
capital investment in the statistical yearbook and the proportion of ecological land area.
Economic, social, ecological service, and ecological pollution outputs were measured using
the gross domestic product, urbanisation rate, Blue City Water Quality Index (BCWQI), and
particulate matter 2.5 (PM2.5), respectively. The economic, social, and ecological service
outputs were desirable outputs, and the ecological pollution output was undesirable [33].

The Blue City Water Quality Index (BCWQI) was developed by the Institute of Public
and Environmental Affairs to measure the water quality; surface water accounts for 50% of
the water quality score, drinking water 30%, and groundwater 20% [66].

2.2.3. DEA

DEA is an approach to measuring the relative efficiency of Decision Making Units
(DMU) with multiple inputs and outputs [55,67]. According to the proposed indicator
system, this study selected the slack-based measure model, which considers undesirable
outputs, to measure the comprehensive efficiency, technical efficiency, and scale efficiency
of ecological land in the Yangtze Delta. The comprehensive efficiency is the efficiency
at the overall level, which is mainly composed of the technical efficiency and scale effi-
ciency. Among these, technical efficiency refers to the efficiency affected by production
management and technology, and scale efficiency refers to the efficiency affected by the
production scale.

Let Xj =
(

x1j, x2j, . . . , xmj
)T be the input indicator, Yd

j =
(

yd
1j, yd

2j, . . . , yd
kj

)T
be the

desirable output indicator, and Yu
j =

(
yu

1j, yu
2j, . . . , yu

lj

)T
be the undesirable output; where

xij denotes the ith input indicator for the jth decision unit, i = 1, 2, . . . , m; yd
aj is the ath

desirable output indicator for the jth decision unit, a = 1, 2, . . . , k; and yu
bj is the bth

undesirable output indicator for the jth decision unit, b = 1, 2, . . . , l. The equation [68] is
as follows: 

minθste =
1− 1

m ∑m
i=1 s−ij /xij0

1+ 1
k+l

(
∑k

a=1 sd
aj/yd

aj0+∑l
b=1 su

bj/yu
bj0

)
s.t.

n
∑

j=1
Xjλj + s−j = θsteXj0

n
∑

j=1
Yjλj − sd

j = Yd
j0

n
∑

j=1
Yjλj + su

j = Yu
j0

λj ≥ 0, s−j ≥ 0, sd
j ≥ 0, su

j ≥ 0

(1)
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

minθte =
1− 1

m ∑m
i=1 s−ij /xij0

1+ 1
k+l

(
∑k

a=1 sd
aj/yd

aj0+∑l
b=1 su

bj/yu
bj0

)
s.t.

n
∑

j=1
Xjλj + s−j = θteXj0

n
∑

j=1
Yjλj − sd

j = Yd
j0

n
∑

j=1
Yjλj + su

j = Yu
j0

n
∑

i=1
λj

j
= 1

λj ≥ 0, s−j ≥ 0, sd
j ≥ 0, su

j ≥ 0

(2)

θse =
θste

θte
(3)

where θste, θte, and θse denote the comprehensive, technical, and scale ecological land
utilisation efficiency of DMUj0, respectively; values closer to 1 indicate higher efficiency.

Continuing, s−j is the input redundancy of DMUj0—that is, the superfluous input

part that reaches effective comprehensive efficiency or technical efficiency of DMUj0; sd
j

is the desirable output deficiency of DMUj0—that is, the insufficient desirable output
part that reaches effective comprehensive efficiency or technical efficiency of DMUj0; su

j
is the undesirable output excess of DMUj0—that is, the excess undesirable output part
that reaches effective comprehensive efficiency or technical efficiency of DMUj0; and λj
is the peer weight of DMUj0. If ∑n

j=1 λj = 1, then DMUj0 is constant returns to scale; if
∑n

j=1 λj < 1, then DMUj0 is increasing returns to scale; and if ∑n
j=1 λj > 1, then DMUj0 is

decreasing returns to scale [69].

2.2.4. Classification of Comprehensive Efficiency

A unified categorisation criteria was formulated to classify the ecological land utilisa-
tion efficiency. Ecological land was determined to have a high utilisation efficiency if its
comprehensive efficiency was equal to 1; it had medium utilisation efficiency if its com-
prehensive efficiency was equal to or greater than 0.8 and less than 1; and poor utilisation
efficiency was indicated if its comprehensive efficiency was less than 0.8 (Table 2).

Table 2. Classification and standards of comprehensive efficiency.

Order and Degree Categorisation Criteria of Comprehensive Efficiency

High efficiency DEA = 1
Medium efficiency 0.8 ≤ DEA < 1

Poor efficiency DEA < 0.8

2.2.5. Classification of Relationship between Technical Efficiency and Scale Efficiency

First, cities were grouped into two types according to whether their technical utilisation
efficiency for ecological land was equal to or less than 1. They were then divided according
to the scale efficiency (i.e., equal to or less than 1). Subsequently, they were grouped into
three types according to whether their technical efficiency was greater than, equal to, or
lower than their scale efficiency. Finally, six types of technical efficiency–scale efficiency
relationships were established (Table 3).

2.3. Data Sources

Data for the ecological land inputs were collected from National Earth System Science
Data Centre’s data sharing platform; these data were interpretation results of Landsat-7
ETM+ (National Aeronautics and Space Administration, Washington, DC, USA) images
and had a resolution of 30 m. PM2.5 data for the output indicator [70] were obtained from
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each city’s ecological environment report for the corresponding year, and BCWQI data were
sourced from open data available on the Blue Map app. Data for all the other indicators
were collected from each city’s statistical yearbook.

Table 3. Types established based on the relationship between technical and scale efficiency.

Type Criterion

I Technical efficiency = scale efficiency =1
II Technical efficiency = 1 > scale efficiency
III Technical efficiency < scale efficiency = 1
IV Technical efficiency = scale efficiency < 1
V 1 > technical efficiency > scale efficiency
VI Technical efficiency < scale efficiency < 1

3. Result Analysis
3.1. Analysis of the Comprehensive Utilisation Efficiency of Ecological Land in the Yangtze Delta

According to (1), MaxDEA Ultra7 (Beijing revomidi Software Co., Ltd., Beijing, China)
was used to calculate the comprehensive ecological land utilisation efficiency of all 41 cities
in the Yangtze Delta from 2012 to 2020. Then, the results were deeply analysed from the
three dimensions of temporal change, spatial differentiation, and temporospatial change to
explore the objective law of ecological land utilisation efficiency in the Yangtze Delta at the
comprehensive level.

3.1.1. Analysis of Temporal Changes

The average efficiency of all 41 cities in the region was taken as the comprehensive
efficiency of ecological land utilisation in the Yangtze Delta, the average efficiency of
13 cities in the province was taken as the comprehensive efficiency of the ecological land
utilisation in Jiangsu Province, the average efficiency of 11 cities in the province was
taken as the comprehensive efficiency of ecological land utilisation in Zhejiang Province,
and the average efficiency of 16 cities in the province was used as the comprehensive
efficiency of ecological land utilisation in Anhui Province. The above calculated data and
the comprehensive efficiency of ecological land utilisation in Shanghai were summarized
and visualised, and the results are shown in Figure 3.

Systems 2022, 10, 16 27 of 41 
 

 

Table 3. Types established based on the relationship between technical and scale efficiency. 

Type Criterion 
I Technical efficiency = scale efficiency =1 
II Technical efficiency = 1 > scale efficiency 
III Technical efficiency < scale efficiency = 1 
IV Technical efficiency = scale efficiency < 1 
V 1 > technical efficiency > scale efficiency 
VI Technical efficiency < scale efficiency < 1 

2.3. Data Sources 
Data for the ecological land inputs were collected from National Earth System Sci-

ence Data Centre’s data sharing platform; these data were interpretation results of Land-
sat-7 ETM+ (National Aeronautics and Space Administration, Washington, DC, USA) im-
ages and had a resolution of 30 m. PM2.5 data for the output indicator [70] were obtained 
from each city’s ecological environment report for the corresponding year, and BCWQI 
data were sourced from open data available on the Blue Map app. Data for all the other 
indicators were collected from each city’s statistical yearbook. 

3. Result Analysis 
3.1. Analysis of the Comprehensive Utilisation Efficiency of Ecological Land in the Yangtze Delta 

According to (1), MaxDEA Ultra7 (Beijing revomidi Software Co., Ltd., Beijing, 
China) was used to calculate the comprehensive ecological land utilisation efficiency of 
all 41 cities in the Yangtze Delta from 2012 to 2020. Then, the results were deeply analysed 
from the three dimensions of temporal change, spatial differentiation, and temporospatial 
change to explore the objective law of ecological land utilisation efficiency in the Yangtze 
Delta at the comprehensive level. 

3.1.1. Analysis of Temporal Changes 
The average efficiency of all 41 cities in the region was taken as the comprehensive 

efficiency of ecological land utilisation in the Yangtze Delta, the average efficiency of 13 
cities in the province was taken as the comprehensive efficiency of the ecological land 
utilisation in Jiangsu Province, the average efficiency of 11 cities in the province was taken 
as the comprehensive efficiency of ecological land utilisation in Zhejiang Province, and 
the average efficiency of 16 cities in the province was used as the comprehensive efficiency 
of ecological land utilisation in Anhui Province. The above calculated data and the com-
prehensive efficiency of ecological land utilisation in Shanghai were summarized and vis-
ualised, and the results are shown in Figure 3. 

 
Figure 3. Comprehensive utilisation efficiencies of ecological land in the Yangtze Delta and its prov-
inces from 2012 to 2020. 

0.70

0.75

0.80

0.85

0.90

0.95

1.00

2012 2013 2014 2015 2016 2017 2018 2019 2020

Shanghai Anhui Jiangsu Zhejiang The Yangtze Delta

Figure 3. Comprehensive utilisation efficiencies of ecological land in the Yangtze Delta and its
provinces from 2012 to 2020.

According to Figure 3, the comprehensive utilisation efficiency of ecological land in
the Yangtze Delta was generally high and exhibited an increasing trend with fluctuations.
The average comprehensive efficiency of the Yangtze Delta equalled or exceeded 0.88
throughout and increased from 0.88 in 2012 to 0.94 in 2020, with a temporary drop in 2017.
Among the four provincial-level administrative divisions, the comprehensive efficiency
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values of Shanghai, Zhejiang, and Jiangsu were higher than or equal to the average of the
Yangtze Delta, whereas that of Anhui was lower than the average.

The comprehensive efficiency of Shanghai remained the highest throughout, followed
by Zhejiang, whose comprehensive efficiency increased gradually throughout the period.
Jiangsu’s comprehensive efficiency was third highest and remained so. Anhui, despite
having the lowest comprehensive efficiency, saw a rapid increase in efficiency. Located
in the centre of China’s east coast where the Yangtze River enters the sea, Shanghai has
been at the connection between China’s economy and the world economy. With abundant
capital, advanced technology, and advanced concepts, the comprehensive efficiency of the
ecological land utilisation in Shanghai has been high.

Jiangsu and Zhejiang are coastal provinces adjacent to Shanghai. With their own
superior resources and Shanghai’s radiation effect, the comprehensive efficiency of eco-
logical land utilisation in Jiangsu and Zhejiang followed that of Shanghai. Anhui, which
is far from Shanghai, is an inland province along the Yangtze River. Due to its own lack
of development and slow acceptance of Shanghai’s radiation effect, the comprehensive
efficiency of ecological land utilisation in Anhui was low.

3.1.2. Spatial Differentiation Analysis

Following the classification standards of comprehensive efficiency, all 41 cities were
classified into different categories according to the comprehensive utilisation efficiency of
their ecological land in 2020. The results were then visualised using ArcGIS10.5 (GeoScene
Information Technology Co., Ltd., Beijing, China) as shown in Figure 4.
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Yangtze Delta in 2020.

According to Figure 4, the comprehensive ecological land utilisation efficiency in
the Yangtze Delta was categorised as high, medium, or poor. Cities with high efficiency
were Shanghai, Lianyungang, Suqian, Yancheng, Yangzhou, and Taizhou (in Jiangsu
Province); Nantong, Zhenjiang, Changzhou, Wuxi, and Suzhou (in Jiangsu Province);
Jiaxing, Zhoushan, Ningbo, and Taizhou (in Zhejiang Province); and Jinhua, Quzhou,
Lishui, Wenzhou, Huangshan, Chizhou, Tongling, Ma’anshan, Huainan, Bozhou, Huaibei,
and Suzhou (in Anhui Province).

Cities with medium efficiency were Nanjing, Huzhou, Hangzhou, Hefei, Bengbu,
Fuyang, Anqing, and Shaoxing. Those with poor efficiency were Xuzhou, Huai’an,



Systems 2022, 10, 16 10 of 21

Chuzhou, Lu’an, Wuhu, and Xuancheng. Cities with high efficiency were generally dis-
tributed in Shanghai and its surrounding areas. Cities with poor efficiency were generally
observed in Anhui and in the north of Jiangsu.

3.1.3. Analysis of Temporospatial Changes

The comprehensive ecological land utilisation efficiency of the cities in 2012, 2014,
2016, 2018, and 2020 were determined as the corresponding categories according to the
same categorisation criteria above. The results were also visualised using ArcGIS10.5, as
depicted in Figure 5.
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As shown in Figure 5, the comprehensive efficiency of ecological land utilisation in the
Yangtze Delta exhibited an increasing trend overall, with cities differing in their variation
of efficiency. The number of cities with high comprehensive ecological land utilisation
efficiency increased from 20 to 27; that of medium-efficiency cities decreased from 11 to 8;
and that of poor-efficiency cities also decreased from 10 to 6.

Lianyungang, Zhengjiang, Anqing, Ma’anshan, and Suzhou (in Anhui Province);
Huangshan, Chizhou, Hefei, and Taizhou (in Zhejiang Province); Ningbo, Shaoxing, and
Quzhou had increasing comprehensive efficiency; Huai’an exhibited a decreasing trend of
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comprehensive efficiency; and the comprehensive efficiency of Chuzhou, Lu’an, Xuancheng,
Wuhu, and Xuzhou remained low.

3.2. Analysis of the Technical and Scale Dimensions of Ecological Land Utilisation Efficiency in the
Yangtze Delta

To further understand how ecological land utilisation efficiency had changed at the
technical level and scale level, this study divided said efficiency into technical efficiency
and scale efficiency to analyse the spatiotemporal changes of the two separately as well as
the relationship between them.

3.2.1. Analysis of Technical Efficiency

Equation (2) and MaxDEA Ultra7 were used to calculate the technical utilisation effi-
ciency of ecological land for all 41 cities in the Yangtze Delta. Figure 6 presents the results.
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As shown in Figure 6, the technical utilisation efficiency of ecological land in the
Yangtze Delta exhibited an overall increasing trend, with few cities with efficiency remain-
ing low. The number of cities with a technical efficiency of 1 increased from 24 to 25, 28,
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30, and finally 31; the number of cities with a technical efficiency of less than 0.8 decreased
from 6 to 4 and then 3.

The lowest technical efficiency increased from 0.54 in 2012 to over 0.70 in 2020. The
technical efficiency of ecological land utilisation in Shanghai and its surrounding cities
had always maintained a high level, while the technical efficiency of peripheral cities far
away from Shanghai decreased, especially the technical efficiency of Lu’an, Xuancheng,
and Chuzhou, all in Anhui, remained lower than 0.8.

3.2.2. Analysis of Scale Efficiency

Equations (1)–(3) and MaxDEA Ultra7 were used to calculate the scale utilisation
efficiency. The result is shown in Figure 7.
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According to Figure 7, the scale utilisation efficiency of ecological land in the Yangtze
Delta presented an overall increasing trend. The number of cities with a scale efficiency of
1 increased from 20 to 28; the number of cities whose scale efficiency was between 0.8 and 1
decreased from 18 to 12; and that of cities with a scale efficiency less than 0.8 dropped from
3 to 1. In 2020, all the cities had a scale efficiency of over 0.8, except Xuzhou in Jiangsu.
Overall, the scale efficiency of ecological land utilisation for most cities in the Yangtze Delta
maintained a high level, and only a few cities had low scale efficiency.

3.2.3. Analysis of the Relationship between Technical and Scale Efficiency

According to the grouping result, the relationship between the technical and scale
utilisation efficiency of ecological land for all 41 cities in the Yangtze Delta in 2020 was
determined (Figure 8).
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Figure 8 reveals five types (Types I, II, III, V, and VI) of technical efficiency–scale
efficiency relationships in 2020. Twenty-seven cities were Type I, accounting for 66% of all
cities; four were Type II; one was Type III; four were Type V; and five were Type VI. The
technical efficiency was equal to the scale efficiency in most cities.

Cities with technical efficiency greater than scale efficiency were Nanjing, Huai’an, and
Xuzhou in Jiangsu; Fuyang, Bengbu, Hefei, and Wuhu in Anhui; and Hangzhou in Zhejiang.
Cities whose technical efficiency was lower than their scale efficiency were Huzhou and
Shaoxing in Zhejiang; and Chuzhou, Lu’an, Anqing, and Xuancheng in Anhui.
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3.3. Analysis of Causes and Improvement in Low Utilisation Efficiency of Ecological Land in
Yangtze Delta Cities
3.3.1. Analysis of Causes

This study explored the causes of low ecological land utilisation efficiency in a number
of cities in the Yangtze Delta in 2020. Table 4 presents the results.

Table 4. Causes of low ecological land utilisation efficiency in Yangtze Delta cities.

Province City Comprehensive
Efficiency

Technical
Efficiency

Scale
Efficiency

Returns to
Scale Input Redundancy Output Deficiency (or Excess)

Jiangsu

Nanjing 0.95 1.00 0.95 Increasing - -

Xuzhou 0.63 0.82 0.77 Increasing Capital Products, citizens, water quality, air
pollutants

Huai’an 0.73 0.86 0.85 Increasing Grassland, waters,
capital Products, citizens, water quality

Zhejiang

Hangzhou 0.94 1.00 0.94 Increasing - -

Huzhou 0.92 0.94 0.98 Increasing Forest, grassland,
labour Products, citizens, water quality

Shaoxing 0.87 0.91 0.96 Increasing Forest, grassland,
capital Products, citizens, water quality

Anhui

Hefei 0.93 1.00 0.93 Increasing - -
Fuyang 0.98 1.00 0.98 Decreasing - -

Bengbu 0.97 0.99 0.98 Decreasing - Products, citizens, water quality, air
pollutants

Anqing 0.86 0.86 1.00 Constant Grassland, waters,
labour Products, citizens, water quality

Lu’an 0.73 0.74 0.99 Increasing Forest, grassland,
waters, labour Products, citizens, water quality

Chuzhou 0.65 0.75 0.87 Increasing Forest, grassland,
waters Products, citizens, water quality

Wuhu 0.79 0.95 0.83 Increasing Forest, grassland,
capital

Products, citizens, water quality, air
pollutants

Xuancheng 0.69 0.77 0.90 Increasing Forest, grassland Products, citizens, water quality

According to Table 4, technical and scale factors both contributed to a low utilisation
efficiency for ecological land, and the factors varied across cities. The main reason for
the low efficiency in Nanjing, Hangzhou, Hefei, and Fuyang was low scale efficiency;
specifically, the scale of ecological land utilisation in Nanjing, Hangzhou, and Hefei was
less than optimal, whereas that in Fuyang was larger than optimal.

The low efficiency in Anqing was attributable to input redundancy and deficiency
of desirable output caused by low technical efficiency for production. For the remainder
of the cities, low efficiency was caused mainly by low technical and scale efficiency; they
exhibited input redundancy, deficiency of desirable output, and a suboptimal scale of
ecological land utilisation. Xuzhou, Bengbu, and Wuhu, in particular, had excessive output
of air pollutants. Except for Bengbu, whose scale of ecological land utilisation was larger
than optimal, all the cities had a utilisation scale smaller than optimal.

3.3.2. Analysis of Improvement

According to the analysis of causes, the improvement of ecological land utilisation
efficiency in the aforementioned cities should be focused on economical and intensive
land use, innovative techniques, and optimal utilization scale. The purpose of ecological
and intensive land use is to make effective use of resources by reducing the waste of
resources and by coordinating the use of resources. Innovating techniques for ecological
land utilisation are aimed at increasing the socioeconomic conversion of resources and
reducing pollutant emissions by diversifying approaches to resource use and consolidating
the industrial chain of resource use.

The aim of the optimal ecological land utilisation scale is to obtain optimal benefits
through achieving the environmentally and socioeconomically optimal combination of as
well as the effective operation of elements, such as labour and capital. Nanjing, Hangzhou,
Hefei, and Fuyang, whose efficiency was low only in the scale aspect, should adjust
their ecological land utilisation scale to a more appropriate level. Specifically, Nanjing,
Hangzhou, and Hefei, which exhibited increasing returns to scale, should have their
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utilisation scale increased, whereas for Fuyang, with its decreasing returns to scale, the
scale should be decreased.

The efficiency of Anqing was low only in the technical aspect, indicating a need to
enhance its economical and intensive use of ecological land as well as technical innovation.
The remaining nine cities, whose technical efficiency and scale efficiency were both low,
should increase their efforts toward using ecological land economically and intensively,
innovating techniques, and adjusting the utilisation scale to a more appropriate level; all the
cities should increase their ecological land utilisation scale, except Bengbu, which should
decrease its utilisation scale.

4. Discussion

The reduction of ecological land area and low-efficiency utilisation of ecological land
aggravated the vulnerability of ecological systems [5,7,8], simultaneously posing a sub-
stantial risk to the healthy development of human society [9]. In rapid-urbanization areas,
due to the reduction of ecological land accompanied with a rapid increase of construc-
tion land [1] and the low-efficiency utilisation of ecological land under high-input and
high-consumption extensive development mode, the problems of resource exhaustion and
environmental pollution are more serious [51,54]. In this study, by taking the Yangtze Delta,
the region featured by a high urbanisation level and rapid development in China as an
example, the temporospatial rules of ecological land utilisation efficiency and the related
causes were explored in depth.

The comprehensive efficiency is an index that can characterize the efficiency for mul-
tiple aspects, including technical and scale, which can measure the overall utilisation
efficiency of ecological land. During the whole research period (2012–2020), the compre-
hensive efficiency of ecological land was high and showed an upward trend. This can
be attributed to active economic development actions and requirements for increasing
importance to economic quality development.

Unbalanced spatial distribution of comprehensive efficiency can be observed; to be
specific, the comprehensive efficiency in Shanghai was the highest and decreased on the
whole from Shanghai (as the centre) towards the surrounding area. In other words, the
further away from Shanghai the region is, the lower the utilisation efficiency of ecological
land in the region may be. This suggests that Shanghai that took the lead in reform and
opening up, and its neighbour cities under great economic development radiation effects
can easily achieve high-efficiency utilisation of ecological land, which is mainly due to the
previous accumulation of abundant labour force, strong capita, and advanced technologies
in these cities.

In order to fully and deeply explore the change rules of ecological land utilisation
efficiency, both technical efficiency and scale efficiency were calculated to measure the
utilisation efficiency of ecological land from the perspective of technology and scale in this
study. The technical efficiency and scale efficiency both increased, which can be attributed
to the technological development and the expansion of investment scale. In 2020, the
technical efficiencies of three cities were below 0.8 while the scale efficiency of only one city
was lower than 0.8, suggesting a higher possibility of the enhancement of scale efficiency
than that of technical efficiency. This may be due to the fact that technical progress faces
greater difficulties and requires a longer period in realization.

The same year, 27 cities were equal in technical efficiencies and scale efficiencies,
eight cities had greater technical efficiencies than scale efficiencies, and six cities had
smaller technical efficiencies than scale efficiencies. Accordingly, the technical efficiency of
ecological land utilisation did not develop synchronously with the scale efficiency, which
may be related to the different advantageous resources of different cities. For example,
some cities possess advanced technologies and a moderate investment scale while some
cities only have one of the above advantageous conditions.

The cities with low ecological land utilisation efficiencies in the Yangtze Delta were
selected for projection analysis to reveal the detailed reasons of low efficiency. In 2020, the
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comprehensive efficiencies of 14 cities, including Nanjing, Xuzhou, Huai’an, Hangzhou,
Huzhou, Shaoxing, Hefei, Fuyang, Bengbu, Anqing, Lu’an, Chuzhou, Wuhu, and Xu-
ancheng, were below 1, indicating that these cities have not reached the optimal condition
in term of their ecological land utilisation efficiency.

Four cities including Nanjing, Hangzhou, Hefei, and Fuyang, had technical efficiencies
of 1 and scale efficiencies of below 1, suggesting that an inappropriate investment scale
can mainly account for low ecological land utilisation efficiency. Among the four cities,
the sums of peer weights of the former three cities were all lower than 1 (i.e., ∑n

j=1 λj < 1),
which reflected that ecological land utilisation was at a stage of increasing returns to scale
and that the current investment scales were too small.

The sum of the peer weights of Fuyang exceeded 1 (i.e., ∑n
j=1 λj > 1), which reflected

that the ecological land utilisation was at a stage of decreasing returns to scale and that the
current investment scales were too great. The scale efficiency of Anqing equalled 1 while
its technical efficiency was lower than 1, indicating that the low ecological land utilisation
efficiency of Anqing should be attributed to the low technological level, and accordingly,
the invested grasslands, water areas, and labour have not been adequately utilised while
the products, urban residents, and water quality were short in output.

For the remaining nine cities, including Xuzhou, Huai’an, Huzhou, Shaoxing, Bengbu,
Lu’an, Chuzhou, Wuhu, and Xuancheng, both the technical efficiencies and the scale effi-
ciencies were below 1, which were the result of the combined action of a low technological
level and inappropriate investment scale. In addition to the inadequate utilisation of input
resources and insufficient expected output, excess air pollutant output also appeared in
Xuzhou, Bengbu, and Wuhu. Some scholars also drew similar conclusions [71] that low eco-
economics can be mainly attributed to an unreasonable production scale and substandard
production technology, thereby, leading to resource investment redundancy, insufficient
output of the number of days with good air quality, and excess PM2.5 output.

Without adequate countermeasures, the reduction of ecological land area and ineffi-
cient utilisation of ecological land will bring about greater risk to human health, ecological
system, society, and economy [10]. Through the above analysis, temporospatial distribution
patterns of ecological land utilisation efficiency and the related reasons for low efficiency
can be clarified, and then accurate improvement measures can be proposed. The intensive
and economical utilisation of ecological land is an important countermeasure for various
cities to enhance their utilisation efficiency.

Additionally, Nanjing, Hangzhou, and Hefei should strengthen the construction with
an adequate investment scale; Anqing should strengthen the utilisation of technological
innovations; Xuzhou, Huai’an, Huzhou, Shaoxing, Bengbu, Lu’an, Chuzhou, Wuhu, and
Xuancheng should strengthen both the construction with an adequate investment scale and
the utilisation of technological innovations.

As the utilisation of ecological land in the Yangtze Delta increases in both intensity
and density, problems, mainly including soil pollution, geological disasters, and extreme
weather, may be increasingly prominent. For example, will soil pollution, geological
disasters and extreme weather will affect the sustainable utilisation of ecological land? If
the effects exist, how best to deal with it? These problems deserve further investigation to
ensure the future of the Yangtze Delta.

According to the present research results, the utilisation efficiency of ecological land
in the Yangtze Delta increased overall as shown in Figure 9. Gaining a full understanding
of the temporospatial distribution rules of ecological land utilisation efficiency and the
causes of low efficiency is important for adopting accurate countermeasures to enhance the
utilisation efficiency, thereby, improving the ecological crises, including resource shortages
and the environmental pollution induced by rapid urbanization. The present study can
provide an important basis for studying the high-efficiency utilisation of ecological land in
China’s Yangtze Delta and similar regions.
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5. Conclusions

The low efficiency of ecological land utilisation is more harmful to human health than
the reduction of ecological land area, especially in areas with rapid urbanization. In this
study, by performing a case study in the Yangtze Delta, the characteristics of ecological
land utilisation efficiency, and the causes of low utilisation efficiency were explored. Finally,
accurate countermeasures were put forward. The main conclusions can be summarized
as follows:

1. Overall, the comprehensive utilisation efficiency of ecological land in the Yangtze
Delta was high and exhibited an increasing trend with fluctuations. Cities in the
Yangtze Delta were classified as high-efficiency, medium-efficiency, or poor-efficiency
types according to the comprehensive efficiency. High-efficiency cities were mainly
distributed in Shanghai and the surrounding areas, and poor-efficiency ones were
observed mainly in Anhui and the north of Jiangsu, which were relatively distant
from Shanghai. The number of high-efficiency cities increased gradually, whereas that
of medium- and poor-efficiency cities exhibited a gradual decrease.

2. The technical efficiency and scale efficiency of ecological land in the Yangtze Delta
exhibited overall increasing trends. The technical efficiency of Lu’an, Xuancheng, and
Chuzhou in Anhui were consistently low, as was the scale efficiency of Xuzhou in
Jiangsu. According to the relationship between their technical and scale efficiency,
cities in the Yangtze Delta were categorised into five types. Specifically, 27 cities,
including Shanghai, fell under Type I; Nanjing and three other cities were under Type
II; Anqing was under Type III; Xuzhou and three others were under Type V; and Lu’an
and four others were under Type VI.

3. Nanjing and 13 other cities exhibited poor ecological land utilisation efficiency, and
their low efficiency were attributable to low technology, an improper investment scale,
or both. Anqing’s low efficiency generally resulted from the insufficient utilisation of
input resources and deficiency of desirable output caused by technical inefficiency.
The low efficiency of Nanjing and three other cities was predominantly caused by an
excessively large or small investment scale. For the remainder, low efficiency was due
to the presence of an inappropriate investment scale along with input resources with
insufficient utilisation or output deficiency (excess).

4. Improvement of the ecological land utilisation efficiency in the Yangtze Delta should
be focused on the economical and intensive use of the land, technical innovations,
and optimal investments. Anqing should enhance its economical and intensive use
of ecological land and innovate related techniques. Nanjing and three other cities
should focus on adjusting their ecological land investment scale to a more appropriate
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level. The remaining cities should enhance their economic and intensive use of
ecological land while innovating their techniques and adjusting the investment scale
of such land.
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