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Abstract
The connection between land urbanization (LU) and the ecosystem service value (ESV) 
from land is studied theoretically and empirically in this research. Firstly, an optimization 
model with constraints in which the externality of land development and construction is 
internalized into decision-making behavior of local governments is established to theoreti-
cally find out the potential link between urbanization and ecosystem value; then, an empiri-
cal analysis using cross-section dataset of 280 cities in mainland China in 2010 is con-
ducted to verify the theoretical results. It could be concluded that the influence of LU on 
ESV of land depends on phase of economic development. When the unit conveyance fee’s 
marginal effect of requisitioned land is greater than the unit compensation’s marginal effect 
of this land, LU exerts a negative impact toward ESV of land and vice versa. An empirical 
analysis indicated a U-shaped curve between LU and the ESV of land, biodiversity, carbon 
sequestration, soil retention, and water retention. However, the effect of LU on ESV is cur-
rently still negative. These results held up significantly after endogeneity tests and some 
robustness tests. Finally, we suggest that Chinese government should promote innovations 
in terms of the pattern of land use as well as institutions.
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1  Introduction

The reform and opening up in China have brought the country significant strides in 
economic development, which greatly accelerated the urbanization process. However, 
this has come at the expense of ecosystem services, which include products or services 
gained from ecosystems. These services include physical products like food, raw materi-
als, and intangible services like carbon storage and biodiversity preservation (Costanza, 
2020).  The rapid urbanization has resulted in variations in land use types, with agri-
cultural or inactive land becoming urban construction areas, a phenomenon referred to 
as "land urbanization (LU)." This shift in land use patterns affects the allocation struc-
ture, intensity, and efficiency of land use, ultimately impacting ecosystem services such 
as habitats, biodiversity, energy cycles, water cycles, geochemical cycles, and climate 
(Chuai et al., 2015; Lam & Conway, 2018). Moreover, human activities conducted on 
land, such as population growth, industrial development, energy consumption, and tech-
nological advancements, have additional feedback effects on the ecosystem processes, 
further affecting the functions of environmental services (Chuai et  al., 2016; Jantz & 
Manuel, 2013; Lai et  al., 2016). The variations in environmental service functions, 
areas, and spatial distribution patterns led by land use variation and its derived human 
activities are important reasones for changes in environmental service functions (Xie 
et al., 2021).

The effects of land utilization variation on environmental services during LU are 
embodied in the following aspects:

Initially, the rise in the scale of city construction land undermines biodiversity and 
leads to the fragmentation in natural habitat. The acceleration of urbanization in turn 
accelerates the change in land use structure. With the accelerating LU, huge amounts of 
agricultural land are converted towards construction land. Chinese urban construction 
land area grew by 164% from 20,877 square kilometers in 1999 to 55,155.5 square kilo-
meters in 2017 (Ji, 2023). The expansion of urbanization destroys natural vegetation and 
hydrological systems among others, which leads to the fragmentation of natural habitat, 
the simplification and homogeneity of species composition, and a decline in biodiver-
sity (Fricke & Svenning, 2020). Simultaneously, variation in energy flow and nutrient 
cycling reduces the environmental adaptability of species.

Secondly, the change in land allocation structure will profoundly affect the ecologi-
cal process of the ecosystem, thus, changing the ecosystem service function by exert-
ing biophysical and social influences (Grimm et al., 2008). The rapid LU has created a 
sequence of problems, like variation in land use/cover as well as an unreasonable form 
for land allocation. In China, the percentage for industrial land at construction area is 
normally about 20%. In Pearl River Delta or other cities with developed manufacturing 
industries, the percentage of industrial land is generally above 40%. In the same period, 
the international ratio was only 5–8%; in most developed area, the figure is normally 
smaller than 10% (Xie et al., 2016). Too much industrial land results in the slow trans-
formation and upgrade of industrial structure and the discharge of a large number of 
pollutants during the process of industrial production, which has negativly affects the 
self-circulation as well as other functions of the ecosystem. Variations in the structure 
of land allocation affect environmental processes, like energy, water, as well as geo-
chemical cycles and the renewal of soil, by changing the environmental structure and 
function; this results in additional variations in ecosystem service functions and eco-
logical effects (Chuai et al., 2013; Shu & Xiong, 2019).
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Third, the high intensity of land development will disturb the balance of the ecosys-
tem, destroy the mutual connection between biological populations, and thus, reduce the 
supply of ecosystem services (Fang et al., 2022; Li et al., 2014; Smith et al., 2019). Con-
sidering China’s national conditions, the development intensity of inland land should not 
exceed 10% in general, and that of coastal areas should not exceed 20%. Currently, China’s 
major cities have substantially exceeded this proportion. A high intensity of land develop-
ment would seriously undermine the balance between urban landscapes and ecosystems. 
It affects the landscape, interfere with the balance of the ecosystem, destroy the mutual 
connection between biological populations, directly change the supply of environmental 
services, and indirectly affect the environmental service functions by changing the social 
and economic system. Pollutants emitted during the process of economic production will 
also greatly disrupt the balance of the ecosystem and reduce its ability to provide ecologi-
cal services (Allan et al., 2014, 2015).

Finally, land use efficiency influences the improvement of ecological energy conver-
sion efficiency, thus, changing the land use processes on environmental services. (Bate-
man et  al., 2013). In early stage of economic development, the economy was based on 
an extensive development model. The Chinese central government evaluated local govern-
ments based on gross economic development indicators, such as GDP and tax revenue. To 
attract investment, local governments sell industrial land cheaply to increase local GDP 
and tax revenue (Tao et al., 2009). Industrial land is usually less efficient, which results in 
a large amount of inefficient, idle industrial land, and serious pollution. This reduces the 
ESV. When the economy enters a phase of high-quality development, land utilization effi-
ciency should be improved; impact from land variation on environmental services should 
be reduced through innovation in land systems (Costanza, 2020).

Ecosystem service is important in improving human wellfare, and can be regarded as 
the direct as well as indirect contributions of environment to human wellfare (Costanza 
et  al., 2017). According to exclusive characteristics of environmental services and prod-
ucts, they can be divided into general private goods, club products, public resources, and 
pure public goods. The payment and transaction methods are determined by ecosystem ser-
vices, in turn influencing realization of ESV (Xie et al., 2021; Yang et al., 2020). Generally, 
the realization mechanism of ESV mainly includes government administrative mechanism, 
market mechanism, and multi-center governance mechanism (Gao et al., 2019). In terms 
of general private and club ecosystem service goods, they mainly rely on the market and 
price mechanisms to realize their value. However, market-based approaches fail in some 
instances such as imperfect as well as asymmetric information. In terms of pure public 
goods, their value is mainly realized through administrative mechanisms, including transfer 
payments, ecological compensation, and taxation. The 18th National Congress of China 
unveiled a series of significant progress in ecological compensation, resource product price 
mechanism, energy use right trading, water use right trading, emission right trading, car-
bon Emissions trading, green finance and related policies to improve ESV (Gu et al., 2019). 
The 19th National Congress motivated more ecological-friendly products and the Fifth 
Plenary Session from Central Committee stressed “establishing ecological product value 
realization mechanism.” However, the effective utilization of land spatial planning poli-
cies by the Chinese government, the full integration of synergistic and balancing effects of 
government administrative and market mechanisms, and the use of market mechanisms for 
property rights transactions to protect the ecosystem, are still lacking. Therefore, there is a 
need to design a reasonable mechanism for realizing the ESV.

LU and environmental services are a comprehensive system of mutual influence. Estab-
lishing a dual objective system of optimizing land resource allocation and enhancing ESV 
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will help to coordinate economic development and ecological protection. LU is decided by 
nature, society, economy, as well as other factors. Among them, the natural condition is the 
basic part that leads to LU, like climate, soil, as well as hydrology among others (Bateman 
et al., 2013; Cavender-Bares et al., 2015). Changes in land type and usage will influence 
the types, intensities, and functions of ecosystem services supply, thus, leading to changes 
in ESV (Eichner and Pethig, 2009; Chuai et al., 2013, 2015, 2016; Cumming et al., 2014; 
Chen et al., 2020). Therefore, there may be a nonlinear relationship between LU and ESV, 
which merits further study.

Existing research on the influence of LU on ESV could be categorized into three 
aspects. The first type is based on spatial statistics methods, which utilize hotspot analysis 
or spatial autocorrelation models to analyze the spatial relationship. The second type com-
bines land use econometric models with simulations of spatial patterns of LU to analyze 
the influence of LU on ESV. The third type employs land utilization simulation models to 
simulate the spatial patterns of land utilization and their impact on ESV. Examples of such 
models include CLUE-S model adopted by Verburg et al. (2002), FLUS model used by Liu 
et al. (2017), as well as Plus model. However, current research primarily relies on quan-
titative or simulation methods to examine the connection between LU and ESV. Notably, 
there exists a reciprocal relationship and feedback loop between the economic utilization of 
land and the ecosystem. Unfortunately, existing research has not thoroughly explored the 
connection between LU and ESV, thereby failing to uncover the underlying mechanisms 
through which land use impacts ESV.

This study theoretically and empirically examined the correlation between LU and the 
ESV of land. As Lichtenberg and Ding (2009) and Turnbull (2004) did, we began with 
constructing a theoretical model for a constrained optimization model in which the exter-
nality of local government’s land development and construction is endogenous to its deci-
sion-making behavior to demonstrate the nonlinear relationship between LU and ESV 
of land. We then used a Chinese prefecture-level panel data to verify the results we have 
obtained in the theoretical model; in this way, the study should be more convincing both 
theoretically and empirically. Finally, we drew a conclusion through analysis of the results 
and suggested some policy recommendations.

2 � Literature

During the process of LU, land development activities affect the land surface material 
cycle and life processes, which causes changes in the surface structure. High-intensity 
land development will affect the balance of the biosphere (Mendoza-Gonzalez et al., 2012; 
Peters et al., 2019). Because of low land utiliztion efficiency, a large number of pollutants 
are discharged to the outside world during the process of production and living, which will 
affect the regional atmospheric environment, water environment and soil resources among 
others (Costanza, 2020; Wang et al., 2018). In summary, LU caused by human activities 
can change the ecological habitat area, ecosystem structure, and ecosystem cycle process. 
This further affects the conversion and transformation of material, energy, and information 
flows in ecosystems, resulting in the fragmentation of habitats, homogenization of species 
composition, destruction of hydrological systems, and variations in energy as well as nutri-
ent cycling. Finally, the environmental service functions are degraded, which results in the 
decline of ESV (Cumming et al., 2014; Oliver & Morecroft, 2014; Wan et al., 2015).
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Some of the existing literature has studied the interaction between economic systems 
and ecosystems by establishing a dynamic general equilibrium model that combines 
economic systems and ecosystems (Zhu et al., 2019), while there are also studies on the 
internalization of ecosystem externalities through transfer payments or property rights 
transactions between the two regions (Eichner & Pethig, 2019). Some existing literature 
empirically analyzed the negative relationship between LU and ESV based on Environ-
mental Kuznets Curve (EKC), mentioned by Grossman and Krueger (1995). Newbold et al. 
(2015) studied how land utilization influenced biodiversity and concluded the changes in 
land use harmed biodiversity. Ye et  al. (2018) showed a net 4.4% (201.5 million USD) 
decline in ESV owing to land utilization changes in the rapidly developing Guangfo metro-
politan area in China. Wang et al. (2018) asserted that the energy ESV declined by 10.89% 
during LU in Yellow River Delta. Du and Huang (2017) found that during the process of 
rapid LU, the ESV in Hangzhou declined significantly. Chuai et al. (2016) showed that LU 
reduced the ESV in Jiangsu Province of China by 43.2 million USD between the 1980s and 
2010. Peng et al. (2017) pointed out the negative correlation between LU and total ESV 
in the suburban areas of Beijing. Cao et  al. (2018) asserted a sharp decrease of 15.06% 
ESV from RMB 35.278 billion to 29.964 billion in Zhejiang Province between 1990 and 
2010; Hu et al. (2019) studied the scenario in Anhui province and found the ESV fell from 
30,015.58 × 107 RMB in 2000 to 29,683.74 × 107 RMB in 2015, indicating a 1.11% decline. 
Furthermore, as shown by Song et al. (2015), LU caused a net loss of 880 million USD in 
ESV from 2000 to 2008, and the expansion of urbanized areas accounted for 84.61% of 
the loss in ESV. Su et al. (2014) studied change of ESV in suburbs within Shanghai and 
its relationship with land utilization, concluding that from 1994 to 2006, the total ESV 
decreased by 30.8%.

Furthermore, there are also many studies investigating the influence of land resource 
allocation optimization in different regions on ESV. Examples of substantial analyses 
include the following: (1) land utilization optimization as well as environmental impacts in 
typical areas of an agro-pastoral ecotone within northeast China (Yang et al., 2020); (2) the 
influence of LU on the ESV in the northeast transect (Wang et al., 2022); (3) spatial auto-
correlation pattern analysis in terms of land utilization and ESV in northeastern Hainan 
(Lei et al., 2019); and 4) impacts of LU on ESV in the Sanjiang Plain, Zhejiang, Kunshan 
City in Jiangsu Province and Mingguang City in Anhui Province (Hasan et al., 2020; Qiao 
& Huang, 2022).

However, China’s central and local governments have different incentive goals in land 
use, which leads to different mechanisms of LU on the ESV. While attaching importance to 
land utilization efficiency, the central government also examines various economic, social, 
and ecological environmental goals, such as coordinated regional development, food secu-
rity, environmental protection, and public services. Local governments have the motivation 
for distortion behaviors, like investment impulse, performance appraisal, and land finance. 
As a result, local governments may have conflicts in the principle of land utilization with 
central governments. Local governments strive for more allocation of land resources within 
framework set by central government responsibility and participate in horizontal com-
petition among regions (Chen et al., 2020). Local government officials use land disposal 
rights to strategically set land transfer prices and scale in the monopolized land market 
(Wang et al., 2018). Therefore, industrial land is transferred by low-price agreement as a 
means of attracting investment (Zhang et  al., 2017). Alternatively, the government sells 
commercial or residential land at a much higher price in the way of recruitment, auction, 
and hanging, an enormous amount of land transfer fee is obtained, namely, “generating 
wealth from land” (Zheng Siqi et al., 2014). The development mode of “land management” 
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and “regional competition” of local governments leads to inefficient utilization, idle waste, 
and the serious environmental pollution of industrial land (Tao Ran et al., 2009). The con-
flict of behavioral goals between central and local governments in land resource allocation 
leads to land resource mismatch (Wang et al., 2018, 2021). As a result, the land ecological 
function degrades, and there is a decline in ecological efficiency (Teulings et al., 2018). In 
addition, land allocation, industrial, and energy consumption structures; and technology 
level and other characteristics are heterogeneous, which leads to a nonlinear relationship on 
the impact of land utilization on ESV. Previous literature did not investigate the nonlinear 
relationship and mechanism of LU affecting ESV from the reality in China. This is also the 
exact innovation of this study.

3 � Theoretical model

China adopts public ownership on all land. The State owned land in urban areas; ’collec-
tives’ owned land in rural areas which could only be utilized for agriculture. The Chinese 
central government controls the supply of new construction land. These new construction 
land mainly comes from the government’s expropriation or requisition of agricultural land, 
which is generated through the government’s non-agricultural land conversion behavior 
(Deng et al., 2008, 2011). With the promotion of farmland conversion, the scale of urban 
construction land rises, negatively affecting ecosystem service system increases accord-
ingly (Wan et  al., 2015). The local governments aims to pursue economic growth and 
increase employment, focusing on the acquisition of construction land indicators required 
for industrialization (Wang et al., 2021). At this time, the central government should use 
the land utilization planning as well as control system. Based on theoretical models of 
Lichtenberg and Ding (2009) and Turnbull (2004), this study attempts to establish an opti-
mization model with constraints in which the externality of land development and con-
struction is internalized into the decision-making behavior of local governments to demon-
strate the nonlinear relationship between LU and ESV of the land.

It is first necessary to make some assumptions to construct an accurate theoretical 
model. In China, the land area of one city is designed for agricultural or urban use. The 
total land area is assumed to be unit one for simplicity. The scale of urban land is denoted 
as N(t) . Accordingly, the scale of agricultural land is 1 − N(t) . The unit output of urban 
land is assumed to be R(N(t)) , and it satisfies R(⋅) > 0 , R�(⋅) < 0 , i.e. the output of urban 
land meets the law of diminishing returns to scale; similarly, the unit output of agricultural 
land is assumed to be r(1 − N(t)) . As LU progresses, the change of area from agricultural 
use to urban use would be X(t) during period t , and land conversion X(t) should be less 
than the planned land quota X0 , which is issued by central government:

where X(t) represents how much land gets transformed from non-urban into urban use dur-
ing period t..

It is imperative to recognize that agricultural land can bring positive externalities, as it 
could perform as a place like watershed or wetlands (Turnbull, 2004). Unused land could 
also create value as a sanctuary for endangered animal. As suggested by Turnbull (2004), 

(1)
⋅

N (t) = X(t)

(2)X(t) ≤ X0
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unused land can be considered to be a source of a positive externality, which is shown in 
Eq. (3).

Local government decides how much land would be transformed from non-urban use to 
urban use by requesting non-urban use land. In China, local government has to compensate 
for the land it requisitions; �(⋅) can be used to indicate unit compensation on agricultural 
land. Meanwhile, local government gains a unit conveyance fee v(⋅) by leasing land use 
rights. GDP, representing economic behaviour in urban area, increases owing to the con-
cave function for stock on urban land, R(N(t)) . � can be considered as the discount rate, i.e., 
the local government’ time preference for gaining outcomes.

The local government tries to maximize the gain from land development under the con-
trol of central government. Therefore, land transformation X(t) is picked to maximize its 
total output, but they should factor in environmental quality in this study. The current value 
of the social benefits from agricultural land conversion is shown in Eq. (4); the total benefit 
should be GDP created by non-urban and urban area plus positive externalities brought by 
agricultural land, minus compensation plus conveyance fee of transitioned land.

Subject to Eq.  (1), Eq.  (2) and a restrction on the amount of land for urban usage, 
N(0) = N

0
 .

This is a dynamic optimization problem whereas local government chooses X(t) ; there-
fore, it would be reasonable to use its Hamilton function:

We obtained the following equations by solving this problem.

(1)	 (1) Control equation: for all t  , we have �H∕�X = 0 , i.e.

(2)	 The state equation: Ṅ(t) = �H
��

 , and thus, we have Ṅ(t) = X(t).
(3)	 The co-state equation: �̇(t) = ��(t) − �H∕ �N , and therefore we have

(4)	 The transversality condition is as follows:

(3)E(t) = �e�t

(4)

W =

∞

∫
0

⎧
⎪⎨⎪⎩

N(t)

∫
0

R(z)e�tdz +

1

∫
N(t)

r(1 − z)e�tdz + �e�t(1 − N(t)) −

X(t)

∫
0

�(z)e�tdz +

X(t)

∫
0

v(z)e�tdz

⎫
⎪⎬⎪⎭
e−�tdt

(5)

H(N(t),X(t), �(t),�(t)) =

N(t)

∫
0

R(z)e�tdz +

1

∫
N(t)

r(1 − z)e�tdz + �e�t(1 − N(t))

−

X(t)

∫
0

�(z)e�tdz +

X(t)

∫
0

v(z)e�tdz + �(t)X(t)

(6)�(t) − �(X(t))e�t + v(X(t))e�t = 0

(7)𝜆̇(t) = (𝜌 − 𝛾)𝜆(t) − [R(N(t) − r(1 − N(t)) − 𝜀)]

(8)lim
t→∞

�(t)e(�−�)t = 0
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Through the use of Eqs. (6) and (7), we can solve the expression of the price of requisi-
tioned land as Eq. (10).

As shown in Eq. (10), the shadow price of requisitioned land has three components: (a) 
the effect of further economic growth R(N(s)) ; (b) the unit output from urban land exceed-
ing that of agricultural land; (c) the effect of unit value of ecological land �.

Next, we derive some results about optimal land transformation X(t). We define shifters 
from the urban land value as � and compensation from land conversion as � ; they both have 
original value of one:

By differentiating Eq.  (11) with respect to � when holding N fixed, we can obtain 
Eq. (12):

From Eq.  (12), it is apparent that when v�(X(t)) > 𝜑�(X(t)) , we have 𝜕𝜀∕𝜕X < 0 (we 
assume that 𝜌 < 𝛾 ), while when v�(X(t)) < 𝜑�(X(t)) , we have 𝜕𝜀∕𝜕X > 0 . This means that if 
the marginal rate of unit conveyance fee is greater than that of the unit compensation from 
requisitioned land, LU has a negative effect toward the ESV of land. This result means 
that the benefits from land development by local governments are greater than their costs, 
because the negative externality of land development cannot be internalized. At this time, 
local governments tend to develop more land to promote local economic growth, and do 
not care about the improvement of land utilization efficiency. Accordingly, a negative rela-
tionship between land use and ESV exists. However, if the marginal rate from unit convey-
ance fee is smaller than that of the unit compensation from requisitioned land, LU posi-
tively affects ESV of land. This result indicates that when the benefits of land development 
are less than their costs, local governments are forced to promote land utilization efficiency 
and cannot utilize land extensively. At this time, the central government and residents are 
also paying more attention to the ESV of land, which further leads to local governments 
being more cautious in developing land and increasing investment in ecological environ-
ment protection. Accordingly, a positive correlation between land use and the ESV exists.

We can also analyze the stages of the impact of LU on the ESV of land through eco-
nomic theory. In general, the influence of LU on ESV of land presents a flat “S” curve. 
During the early stage of urban expansion, the population and economy grow slowly; also, 
the urban consumption of land and its impact on the ESV of land is relatively small. Dur-
ing the middle period of urban expansion with significant industrialization development 
urban population rise, and quick spread of the urban scale, the urban land consumption and 
its impact on the ESV of land encounters a period of rapid growth. During the later period 

(9)lim
t→∞

H
(
X(t),N1(t), �(t)

)
e(�−�)t = 0

(10)�(t) =

∞

∫
t

[R(N(s)) − r(1 − N(s)) − �]e−(p−�)(s−t)ds

(11)v(X(t))e�t − �(X(t))e�t +

∞

∫
t

[R(N(s)) − r(1 − N(s)) − �]e−(�−�)(s−t)ds = 0

(12)
��

�X
= (� − �)(v,(X(t)) − �,(X(t)))ert
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of urbanization, the urban land consumption and its impact on the ESV of land tends to 
decrease with change in urban industrial structure and more attention to connotation. In the 
mature phase of urbanization, impact of LU on ESV is primarily connected with consumer 
demand. Land consumption will decline, but it will remain at a relatively high level.

We can draw the following hypothesis through the research describe above.

Hypothesis.  The correlation between LU and the ESV of land relies on phase of economic 
development. When marginal effect from unit conveyance fee brought by requisitioned 
land is greater than tthat from the unit compensation brought by requisitioned land on its 
area, LU negatively affects the ESV of land. When marginal rate of unit conveyance fee is 
less than that of the unit compensation from requisitioned land, LU positively affects the 
ESV of land.

The connection between LU and the ESV of land is depicted in Fig. 1.

4 � Data, variables, and empirical model

4.1 � Data

A cross-sectional data of 280 Chinese cities in 2010 is used to examine how LU affects 
ESV. Data of dependent variable “ESV” originated from Zhang (2018). To overcome the 
influence of land scale, we divided total ESV of each city by the number of population 
to obtain the dependent variable “per capita ESV” (denoted by “aESV”). It also includes 
six important sub-ecosystem services value. Similarly, each sub-ecosystem services value 
was divided by the number of people to get per capita value to soil retention (denoted by 
“asret”), water retention (denoted by “awret”), biodiversity (denoted by “abiod”) and car-
bon sequestration (denoted by “acarseq”). We pick data from the Statistical Yearbook of 
Chinese cities (2011). The data of ESV used in this study is derived from the Chinese 
High-Resolution Emission Gridded Database (CHRED 3.0). This dataset is particularly 
noteworthy as it employs a bottom-up approach to spatialize greenhouse gas emissions at 
a resolution of 1 km. It takes into account emissions from point sources, line sources, and 
area sources, providing detailed and accurate information on emissions distribution across 
the city. Based on research hypothesis, we consider the area of land leasing to be an inde-
pendent variable that represents LU and the ESV as the dependent variable. Moreover, a 
series of macroeconomic variables and characteristic variables that affect the ESV were 
selected as control variables. Based on these variables, we empirically analyzed how LU 

ESV of

land

LU

Fig. 1   The relation between LU and the ESV of land
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affects ESV. Furthermore, different land use structure were used as an intermediate vari-
ables to study the mechanism of LU on ESV.

Endogeneity between LU and ESV may exist due to reverse causality or omitted vari-
ables issue (Zhang et al., 2017; Wang et al., 2021). Therefore, the relief degree for land sur-
face acts as an instrumental variable of LU; that variable could represent regional altitude 
as well as surface cutting degree, that is commonly used in current analyses on land use. 
The dataset, which was obtained from You et al. (2018), contains spatial distribution data-
set on relief degree for land surface at 1 km that covers China and statistics of the average 
degree of relief of the land surface in Chinese provinces, cities, or counties.

The measurement methods and datasets of each variable are presented in Tables 1, 2 
presents descriptive statistics for the variables. The outcome in Table 2 shows primary dis-
tribution trend from data of each variable.

4.2 � Specification and assessment of econometric model

The econometric model that is specified to study the connection between LU and the ESV 
of land is expressed in Eq. (13).

where aESVi presents the per capita ESV of city i i . landurbani is a core explanatory vari-
able that represents LU, denoted by area of land leasing of city i . Xi indicates a number 
of control variables (e.g., pergdp, bupgrate, pwater, emis, hindustr, and rd). �i presents 
the standard error terms. The linear models of the influence of LU on biodiversity, car-
bon sequestration, retention for soil, and retention for water are established as the same in 
Eq. (13).

The nonlinear model between LU and ecological value of land presents as follows:

where landurban2
i
 denotes quadratic term of LU.

In Eqs. (13) and (14), α � represents the influence of LU on ESV of land. β � represents 
the coefficients for control variables. � is the coefficient for quadratic term for LU. The non-
linear models depicting the influence of LU on biodiversity, carbon sequestration, retention 
for soil, and retention for water were established as the same in Eq. (14).

4.3 � Estimation results

The benchmark regression results based on Eq. (1) between LU and ESV are in Table 3. 
The outcome in column (1) and (2) of Table 3 indicates LU significantly and negatively 
affects ESV of land with or without control variables. When the quadratic term for LU is 
added, the outcomes in columns (3) and (4) of Table 3 suggest the U-shaped curve between 
LU and ESV of land with or without control variables. This result verifies the conclu-
sion that a U-shaped relationship exists between LU and the ESV of land in hypothesis 
of Sect. 3. Figure 2 presents a quadratic fitting curve between LU and ESV of land, which 
further proves the U-shaped curve relationship between the two. However, the influence of 
LU on land ESV is still currently negative. With the advancement in LU, the confluence of 
population and industry leads to the conversion of ecological and agricultural land towards 
urban construction land, which resulted in fragmentation, damage to connectivity among 

(13)aESVi = c + �landurbani + �Xi + �i

(14)aESVi = c + �landurbani + �landurban2
i
+ �Xi + �i
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Table 2   Descriptive statistics of 
variables

Variable Mean SD Min Max N

aESV 906.1933 879.9325 36.4068 4663.808 280
abiod 0.7429 0.8529 0.0131 10.0634 280
afprod 0.0777 0.0797 0.0001 0.5443 280
asret 5.4412 7.877 0 43.6729 280
awret 30.2095 45.9754 0 278.8333 280
awsfix 9.228 46.6721 0 612.1422 280
acarseq 0.3885 0.5263 2.08e–06 3.1182 280
linten 5320.776 6356.417 27.89 48,099.95 280
population 136.2609 169.8884 15.23 1542.77 280
pergdp 44,815.78 28,927.26 6222 249,040 276
bupgrate 39.66121 22.24251 0.6 386.64 280
pwater 7916.373 9953.612 23 80,468 279
semiss 59,724.46 59,793.25 12 572,747 278
hindustr 0.9139 0.5597 0.11 4.01 280
rd 28,117.76 25,980.12 702.04 85,794.91 280
IV1 2.6703 1.5736 0.1562 13.2613 279
IV2 8.5804 9.3979 0.22 58.73 280

Table 3   Regression outcomes between LU and ESV of land

The value in parentheses represent the p-value of each coefficient. *P < 0.10, **P < 0.05. ***P < 0.01

Variables (1) aESV (2) aESV (3) aESV (4) aESV

landurban −0.2565***
(0.000)

−0.2723*
(0.000)

−0.4761***
(0.000)

−0.568***
(0.000)

linten2 5.03*E–05***
(0.002)

6.41E–05***
(0.002)

pergdp 8.887*E–04
(0.604)

0.0016
(0.351)

bupgrate −0.8083
(0.552)

−0.8138
(0.587)

pwater 0.0093*
(0.093)

0.0112**
(0.046)

semiss −0.0027**
(0.043)

−0.0028**
(0.024)

hindustr 112.2612
(0.211)

121.0411
(0.171)

rd 0.0027
(0.302)

0.0032
(0.220)

_cons 1157.271***
(0.000)

1063.829***
(0.000)

1275.689***
(0.000)

1171.651***
(0.000)

Observations 279 273 279 273
R-squared 0.0796 0.1103 0.0918 0.1290
F-value 40.52***

(0.0000)
5.38***
(0.0000)

28.24***
(0.0000)

6.79****
(0.0000)
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landscapes, and a deterioration in quality of habitat (Ouyang et al., 2021; Wan et al., 2015). 
Consequently, the existing LU negatively affects the ecological process and reduces the 
ecosystem function and ESV. The Chinese government should carry out further policies 
and measures to seek optimization for optimal utilization structure, reasonably control the 
land use intensity, and stress land use efficiency, aiming to make the positive mutual pro-
motion relationship between LU and the ESV of land as soon as possible.

Furthermore, we carried out a regression analysis of LU on sub-ESV of land and pre-
sented the results in Table 4. It shows the impacts of LU on soil retention, carbon seques-
tration, biodiversity, and water retention are all significantly negative with or without the 
control variables. With the advancement in LU and land utilization structure, intensity as 
well as efficiency has undergone profound changes. This will further profoundly affect the 
ecological process of the ecosystem, ecosystem service function and ecosystem energy 
conversion efficiency; disturb the balance of the ecosystem; and destroy the mutual con-
nection between biological populations. Accordingly, the correlation between LU and the 
sub-ESV of land were all negative. Furthermore,

The quadratic fitting curves between LU and biodiversity, carbon sequestration, soil and 
water retention are shown in Figs. 3, 4, 5 and 6, respectively. A U-shaped curve between 
LU and biodiversity, carbon sequestration, soil retention, and water retention exists. How-
ever, most of the existing sample data are on the left side of that curve. The Chinese gov-
ernment should also boost the enhancement of ecological functions, like biodiversity, 
carbon sequestration, as well as soil and water retention, through optimization of land 
utilization.

Endogeneity between LU and ESV of land may exist due to reverse causality or omitted 
variables issue (Zhang et al., 2017; Wang et al., 2021). To execute a robustness check, we 
picked an instrumental variables (IV) of LU and applied 2SLS methods (Xu et al., 2021; 
Nepal et al., 2021; Safiullah et al., 2021). We chose topographic relief of the city as the IV 
for LU to remain consistent with the current studies. The degree of topographic relief can 
be used to reflect the.

Complexity of local terrain, which influences the land transfer behavior of local govern-
ment. In general, agricultural land with a lower slope and better quality is more suitable for 

Fig. 2   The quadratic fitting curve between LU and the ESV of land



	 H. Du et al.

1 3

Ta
bl

e 
4  

R
eg

re
ss

io
n 

ou
tc

om
es

 b
et

w
ee

n 
LU

 a
nd

 th
e 

su
b-

ES
V

 o
f l

an
d

Th
e 

va
lu

e 
in

 p
ar

en
th

es
es

 re
pr

es
en

t p
-v

al
ue

 o
f e

ac
h 

co
effi

ci
en

t. 
*P

 <
 0.

10
. *

*P
 <

 0.
05

. *
**

P 
<

 0.
01

Va
ria

bl
es

(1
) a

bi
od

(2
) a

bi
od

(3
) a

ca
rs

eq
(4

) a
ca

rs
eq

(5
) a

sr
et

(6
) a

sr
et

(7
) a

w
re

t
(8

) a
w

re
t

la
nd

ur
ba

n
−

2.
69

2*
E–

04
**

*
(0

.0
00

)
−

2.
25

2*
E–

04
**

*
(0

.0
00

)
−

1.
59

2E
–0

4*
**

(0
.0

00
)

−
1.

37
1E

–0
4*

**
(0

.0
00

)
−

0.
00

23
**

*
(0

.0
00

−
0.

00
24

**
*

(0
.0

00
)

−
0.

01
11

**
*

(0
.0

00
)

−
0.

01
15

**
*

(0
.0

00
)

pe
rg

dp
2.

13
E–

06
(0

.3
20

)
−

4.
85

E–
07

(0
.6

16
)

−
4.

11
*E

–0
6

(0
.7

73
)

5.
8E

–0
5

(0
.4

83
)

bu
pg

ra
te

−
0.

00
11

(0
.2

14
)

−
4.

12
2E

–0
4

(0
.5

32
)

−
0.

00
47

(0
.7

15
)

0.
03

(0
.7

85
)

pw
at

er
−

2.
65

E–
06

(0
.5

30
)

2.
06

E–
06

(0
.4

91
)

6.
09

*E
–0

5
(0

.2
59

)
4.

40
5E

–0
4*

(0
.0

97
)

se
m

is
s

−
1.

87
E–

06
*

(0
.0

73
)

−
1.

23
E–

06
**

(0
.0

33
)

−
2.

14
*E

–0
5*

**
(0

.0
13

)
−

1.
56

8E
–

04
**

*
(0

.0
02

)
hi

nd
us

tr
0.

13
22

(0
.2

48
)

0.
06

46
(0

.2
62

)
1.

60
28

**
(0

.0
55

)
4.

64
71

(0
.3

37
)

rd
−

2.
44

E–
06

(0
.2

28
)

1.
28

E–
07

(0
.9

31
)

2.
6*

E–
05

(0
.2

88
)

1.
12

8E
–0

4
(0

.4
18

_c
on

s
1.

00
57

**
*

(0
.0

00
)

0.
98

95
**

*
(0

.0
00

)
0.

54
37

**
*

(0
.0

00
)

0.
55

17
(0

.0
00

)
7.

71
93

**
*

(0
.0

00
)

6.
69

02
**

*
(0

.0
00

)
41

.0
32

4*
**

(0
.0

00
)

35
.5

78
1*

**
(0

.0
00

)
R-

sq
ua

re
d

0.
09

32
0.

12
04

0.
08

55
0.

10
27

0.
08

23
0.

11
96

0.
05

44
0.

08
49

F 
va

lu
e

23
.9

0*
**

(0
.0

00
0)

4.
88

**
*(

0.
00

00
)

39
.1

0*
**

(0
.0

00
0)

5.
26

**
*

(0
.0

00
0)

39
.7

6*
**

(0
.0

00
0)

5.
26

**
*

(0
.0

00
0)

33
.6

2*
**

(0
.0

00
0)

4.
15

**
*

(0
.0

00
2)



Relationship between land urbanization and the ecosystem service…

1 3

transformation into urban and industrial land, and it is less expensive to expand onto this 
type of land use. However, the cost of urban construction is too high for land with a high 
slope to be developed into urban land, which limits the supply of land resources in urban 
expansion to some extent. Therefore, the degree of topographic relief meets the correlation 
condition as an IV. However, as a natural factor, topographic relief would not be directly 
connected with other economic factors and satisfies the exogeneity condition as an instru-
mental variable. The regression results between LU and ESV of land based on IV analysis 
are presented in column (1) on Table 5. It suggests that the influence of LU on ESV of 
land was still significantly negative, which means the benchmark regression outcomes on 
Table 3 are robust. Also, we use the area of land leasing per plot (denoted by “alandurban”) 
to replace the core explanatory variable “landurban”, and the regional GDP per unit of land 
area (denoted by “linten”) to execute a robustness test. Regression outcomes are presented 
in columns (2) and (3) on Table 5. The outcomes further prove that benchmark regression 
results are robust.

Fig. 3   The quadratic fitting curve between LU and biodiversity

Fig. 4   The quadratic fitting curve between LU and carbon sequestration
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Fig. 5   The quadratic fitting curve between LU and soil retention

Fig. 6   The quadratic fitting curve between LU and water retention
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5 � Conclusions

With the development of LU, the expanding urban construction land resulted in fragmenta-
tion of natural habitats and a decline in biodiversity. Additionally, LU has implications for 
land use structure, intensity, as well as utilization efficiency. Variations in land use struc-
ture can significantly impact ecological processes within an ecosystem, while high-inten-
sity land development can disrupt the delicate balance in ecosystem. Furthermore, land 
utilization efficiency could greatly enhance efficiency of energy conversion. Consequently, 
LU exerts an influence on the ecosystem service system and its associated value. Further-
more, in different phases of economic development, variations in land use structure, inten-
sity, as well as efficiency arise, resulting in diverse government policies concerning land 
use planning. Simutaneously, residents’ demand for and willingness to pay for ESV differ 
accordingly. As a result, a nonlinear relationship emerges between LU and ESV. This study 
takes an important step in exploring this relationship by considering how decisions are 
made by central as well as local governments.

To investigate the connection between LU and ESV of land, we developed an optimi-
zation model with constraints that internalized the externalities of land development and 

Table 5   Regression outcomes between LU and ESV of land generated by instrumental variable analysis and 
substituting core explanatory variable

The value in parentheses represent the p-value of each coefficient. *P < 0.10, **P < 0.05. ***P < 0.01

Variables (1) Instrumental variable 
analysis

(2) substituting core explana-
tory variable

(3) substituting core 
explanatory variable

landurban 0.7007*
(0.074)

alandurban −105.9193***
(0.005)

linten −4.58E–04**
(0.735)

−0.0257***
(0.000)

pergdp 0.0052
(0.243)

0.2281
(0.846)

8.90E–06
(0.995)

bupgrate −2.1029
(0.443)

3.7571
(0.127)

0.5289
(0.638)

pwater 0.0177*
(0.079)

0.0022
(0.704)

0.0073
(0.201)

semiss −0.0010***
(0.598)

−0.0033**
(0.020)

−0.0033***
(0.000)

hindustr 182.0443
(0.117)

92.9373
(0.301)

89.8921
(0.307)

rd 0.0063
(0.113)

9.912E–04
(0.703)

0.0010
(0.699)

_cons 1007.848***
(0.000)

1255.333***
(0.000)

1041.868***
(0.000)

Observations 273 273 274
Wald chi2 18.63***

(0.0094)
13.73**
(0.0561)

R-squared 0.0881 0.0819
F-value 3.74***

(0.0007)
4.84***
(0.0000)



	 H. Du et al.

1 3

construction into the decision-making process of local governments. This model aimed to 
demonstrate the nonlinear correlation between LU and the ESV of land, drawing on theo-
retical frameworks proposed by Lichtenberg and Ding (2009) and Turnbull (2004). The 
theoretical analysis revealed that the connection between LU and ESV of land is contingent 
upon the phase of economic development. When the marginal effect of the unit conveyance 
fee of requisitioned land on its area surpasses the marginal effect of the unit compensation 
of requisitioned land on its area, LU negatively impacts the ESV of land. Conversely, when 
marginal rate from the unit conveyance fee is lower than that of the unit compensation 
from requisitioned land, LU positively affects the ESV of land. To validate theoretical find-
ings, we conducted an empirical analysis adopting cross-sectional dataset from 280 cities 
in mainland China in 2010. The empirical analysis confirmed a U-shaped curve between 
LU and the ESV of land. However, it is important to note that the influence of LU on 
land ESV in China remains predominantly negative at present. Similarly, a U-shaped curve 
is observed between LU and indicators like biodiversity, carbon sequestration, and soil as 
well as water retention. However, it is worth mentioning that the majority of the available 
sample data is concentrated on left side of that U-shaped curve. These findings have been 
robustly supported by conducting endogeneity tests and various robustness tests.

6 � Policy recommendations

Based on our study’s major findings, we propose the following policy recommendations. 
Even though most of the cities in China are excessively urbanized, the influence of LU on 
ESV is still currently negative; that is to say, it is extremely hard to get into the right side 
of U-shaped curve and improve ESV in the early stage of urbanization. For those undevel-
oped area in China or the developing countries embarking on urbanization, it indicates that 
it is crucial to control the pace and extent of urbanization, as well as population influx, to 
prevent excessive urbanization that could harm ESV. For areas in China that has completed 
urbanization, it is imperative to strive for a harmonious balance between economic devel-
opment and environmental protection. This calls for innovative approaches to land use pat-
terns and institutional frameworks, considering the potential negative impacts of urbaniza-
tion on ecosystems. The Chinese government should actively promote the realization of the 
ESV by increasing investment in ecological infrastructure. Additionally, the introduction of 
policies and measures such as ecological compensation, resource taxes, and environmen-
tal taxes, as well as the establishment of trading mechanisms and platforms for ecological 
property rights, can contribute to this goal. Finally, the Chinese government should prior-
itize the tertiary as well as high-tech industries related with land and industrial policies and 
introduce environmental regulation policies to control the level of environmental pollution.
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