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Editorial on the Research Topic

Solutions to high-quality development: Theories and practices in

ecological aspects

High-quality development (HQD) first appeared in the report of the 19th National

Congress of the Communist Party of China in 2017. The report stated that China’s

economy had shifted from a stage of high growth to a stage of HQD. It initially referred to

the development of the economy. As scholars and the government continue to enrich its

connotation, the current meaning of high-quality development includes six main aspects:

1) people-centered, 2) stable macroeconomic growth, 3) fostering competitive enterprises,

4) innovation-driven, 5) marketization, legalization and internationalization, and 6) green

development with ecological priority. With the introduction of the Sustainable

Development Goals (SDGs) by the United Nations, the concept of sustainable

development has become well known around the world (United Nations, 2015).

Although HQD and sustainable development share certain similarities, they do have

some distinct differences. Sustainable development focuses on addressing the

environmental, economic and social aspects of the development process, whereas

high-quality development puts more emphasis on development itself, showing a

greater ambition for environmental improvement, economic growth and social

progress. Therefore, HQD can be described as an initiative focusing on improving the

quality and efficiency of development and enhancing human well-being on the basis of

sustainable development (Liu et al., 2022). Smart growth is also a concept similar to HQD,

however, it emphasizes more on the improvement of land use efficiency in a city or

community for environmental protection, economic development, human well-being, etc.

(US Environmental Protection Agency, 2022; Smart Growth Online, 2022). HQD is a new

concept to guide China’s economic and social development, and corresponding
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experience from China may also benefit countries in other

regions. It is inextricably linked to the implementation of

international initiatives and conventions such as the Paris

Agreement, the Convention on Biological Diversity and the

achievements of the SDGs (Sachs et al., 2019; Huang, 2022).

Global issues such as climate change, biodiversity loss, and

ecosystem services reduction have led to great challenges in

human development (Cardinale et al., 2012; Wheeler and von

Braun, 2013; Liu W. et al., 2022). To achieve HQD, in terms of

the ecological aspects, it is necessary to alleviate natural

resource conflicts, transform the development modes, solve

prominent environmental problems and maintain regional

ecological security (Kerr et al., 2007; Huang, 2022). This

Research Topic (RT) “Solutions to High-Quality

Development: Theories and Practices in Ecological Aspects”

is a collection of 20 articles, including two theoretical studies

and 18 empirical studies. It is intended to encourage scholars

to disseminate the most recent theories and practices of HQD

in ecological and environmental aspects, and to provide some

references for the exploration of possible solutions to achieve

the goal of HQD.

The need to optimize resource utilization derives not only

from the urgency to resolve the outstanding contradiction

between conservation and development, but also the demand

to promote a harmonious coexistence between humans and

nature. Three articles set out to explore such optimization.

The article by Deng et al. focused on China’s rural

revitalization strategy and constructed a framework system

to improve the efficiency of resource utilization, refine the

effect of urban–rural integration, and optimize the efficiency

of industrial development to increase farmers’ income. Faced

with challenges such as limited space for growing quantity of

cultivated land, difficulties in improving cropland quality,

insufficient supply of labor resources, uneven distribution

of water resources and low utilization efficiency of

agricultural water resources, China’s rural areas needs to

shift from single to multiple resources to improve resource

utilization efficiency, and the urban-rural integration effect

needs to move from extensive to lean, while optimizing the

efficiency of industrial concentration from management to

integrated services. To address water resource management

issues, Wang et al. assessed historical virtual water flows and

future agricultural water demand in various sectors in

Zhangye City in West China, supporting the development

of climate change adaptation strategies. The study by Zhao

et al. accounted for the ecological water demand of indicator

species in the main stream of the Yellow River and provided

policy implications for regional water management.

Promoting industrial development and upgrading industrial

structure and production efficiency is a necessary path to HQD.

A total of four articles focused on this scientific aspect. Zhang

et al. assessed the total Gross Ecosystem Product (GEP) of

Chinese cropland ecosystems in the last 2 decades. The study

found that the GEP of cropland ecosystems in most Chinese

provinces, except developed provinces such as Beijing and

Shanghai, showed an increasing trend. Meanwhile, the study

by Li et al. found that international trade contributed to the slow

growth in China’s agricultural carbon emissions performance

over the last 15 years, emphasizing that good ecological and

environmental condition are the greatest development advantage

of rural areas and that sustainable rural development needs to be

promoted in terms of agricultural emission reduction, tourism

and service industry development. The article from Wang et al.

reported that the overall trend of agricultural eco-efficiency in

China increased from 2001 to 2019, and it was mostly the eastern

provinces that were of higher agro-ecological efficiency. He et al.

also analyzed the spatial and temporal patterns of ecological

benefits of grass-based livestock husbandry and the influencing

factors in the context of rural revitalization strategies and

proposed relevant development suggestions with the goal of

revitalizing grass-based livestock husbandry.

The key to effective ecosystems management is to

monitoring changes in ecosystem quality and

corresponding drivers. In this RT, a total of eight empirical

research articles focused on the changes and their drivers in a

variety of ecosystemss, including grasslands, mountains,

plateaus, and urban areas. Li et al. assessed changes in

grassland ecosystem services and influencing factors in

Hulunbuir and found that soil potassium content was the

most influential factor on grassland ecosystem services, while

economic and social factors were less influential. In the paper

by Jin et al., a framework combining water quantity and

ecological risk was constructed to analyze the spatial and

temporal variability of water services and ecological risk in

the Ziwuling Mountains of China. Also focusing on water-

related ecosystem services, the paper by Wang et al. assessed

future water production and soil conservation services in the

Changbai Mountains, and analyzed the mechanisms by which

both services are driven under climate change and Land Use/

Cover Change. Madrigal-Martínez et al. calculated land use

change and loss of ecosystem service values under glacial

retreat and highlighted the urgency of ecosystem

restoration and management at the watershed level.

Understanding the spatial flow of ecosystem services can be

of aid in diminishing the imbalance between supply and

demand of ecosystem services, which is a difficult and

important focus of current ecosystem service research.

Meanwhile, Wang et al. used a network model to simulate

the spatial flow of carbon sequestration services on the

Qinghai-Tibetan Plateau and investigated the driving role

of human activity in changes of carbon sequestration

services. Yang et al. reported the changes in vegetation

status along the Qinghai-Tibet Plateau highway and

clarified the driving mechanisms of climate and distance on

ES indicators, which are beneficial for supporting regional

ecological restoration along the Qinghai-Tibet Plateau
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highway. Derived from ecological security, land ecological

security focuses on the sustainable use of land resources on the

basis of denoting a state of harmony between people and

nature (Liu et al.). In the article by Liu et al., a study in Jinan

City, Shandong Province, assessed the historical changes in

land ecological security status and its influencing factors. The

study found that urban expansion has the greatest impact on

the differentiated pattern of land ecological security, and

urban development should pay attention to the protection

of areas with high levels of land ecological security. At the

urban community level, a study by Wang et al. in Beijing

analyzed the carbon emissions and influencing factors of

household consumption through a household survey, which

provides a reference for community management and carbon

reduction.

Territorial spatial planning is a spatial blueprint for HQD.

Three articles in this RT are related to territorial spatial planning,

covering coastal zones and land areas. The study by Guo et al.

constructed a system of indicators for coastal spatial

management, which provides a basis for the management of

coastal spatial planning and facilitates the construction of coastal

spaces for HQD. Identifying priority areas for ecosystem

restoration can increase the provisioning of multiple

ecosystem services and save economic costs. Facing the

challenges of landscape fragmentation and habitat loss due to

urbanization, Zhai and Huang identified potential ecological

networks in urban agglomerations with priority areas for

restoration and conservation, providing spatial guidance for

the implementation of ecological conservation and restoration

projects. Huang et al. took Guizhou Province, China as an

example and revealed the importance of considering the

influence of spatial structure characteristics of the landscape

on ecological restoration effects in the process of ecological

restoration.

Two additional papers in the RT were an empirical study on

the improvement of the surface net radiation estimation

algorithm and an investigation of plant growth mechanisms.

Liu et al. improved the algorithm for estimating surface net

radiation in mountainous environments with complex

topography and verified the accuracy of the algorithm in the

Haihe River basin. Yu et al. reported that arbuscular mycorrhizal

fungi (AMF) can promote the growth of parasitized plants and

activate the plant defense response to insect feeding.

Overall, the 20 articles in this RT brought together the

latest practical experiences and scientific findings to support

HQD. They cover key scientific issues related to regional HQD

such as optimization of resource utilization, industrial

upgrading and development, monitoring and attribution

analysis of ecological and environmental changes, and

formulation of territorial spatial planning. They also

provided science-based suggestions for regional

development. Development is the eternal theme of human

society. We hope that this RT can trigger more extensive

thinking and discussion on the theories and practices of HQD

in the academic community, to synergize economic

development and environmental protection, and ultimately

help human society achieve HQD.
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Rapid urbanization has led to the continuous degradation of natural ecological space
within large urban agglomerations, triggering landscape fragmentation and habitat loss,
which poses a great threat to regional ecological sustainability. Ecological networks
(ENs) are a comprehensive control scheme to protect regional ecological sustainability.
However, in the current research about ENs, most studies can only determine the
orientation of ecological corridors but not their specific spatial range. This leads to
the fact that ENs can only be abstract concepts composed of points and lines,
and cannot be implemented into concrete spatial planning. In this study, taking
the Shandong Peninsula urban agglomeration as an example, ecological sources
were identified by morphological spatial pattern analysis (MSPA) and habitat quality
assessment, ecological resistance surfaces were constructed based on habitat risk
assessment (HRA). And circuit theory was used to simulate the ecosystem processes
in heterogeneous landscapes via by calculating the cumulative current value and
cumulative current recovery value, to identify the spatial range and key areas of
ecological corridors. The results showed that the ENs includes 6,263.73 km2 of
ecological sources, 12,136.61 km2 of ecological corridors, 283.61 km2 of pinch points
and 347.51 km2 of barriers. Specifically, ecological sources were distributed in a spatial
pattern of five groups, and ecological corridors were short and dense within groups, long
in distance and narrow in width between groups. The pinch points and barriers mainly
exist in the ecological corridors connecting the inner and outer parts of the central city
and in the inter-group corridors. In order to ensure the connectivity and effectiveness
of ENs, it is necessary to focus on the pinch points and barriers and include them
in the priority areas for protection and restoration. Based on MSPA and circuit theory,
this study provides a new method for determining the spatial range of ENs and the
specific locations of priority areas, and provides a feasible solution for the concrete
implementation of ENs to achieve effective ecological protection and restoration.

Keywords: ecological networks, MSPA, habitat risk, circuit theory, spatial range of ecological corridors, pinch
points, barriers, Shandong Peninsula urban agglomerations
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INTRODUCTION

In recent decades, with the acceleration of global environmental
change and urbanization, land cover and related surface processes
have undergone significant changes (Deng et al., 2009; Kong
et al., 2017). Especially in large urban agglomeration, with
the continuous expansion of construction land, the land use
pattern had undergone great changes in quantity, quality and
spatial layout (Peng et al., 2017; Salvati et al., 2018). It was
mainly embodied in the transformation from the original natural
ecosystem with ecological land as the carrier to the socio-
economic system with construction land as the carrier (Rebelo
et al., 2011). In the process of system transformation, on
the one hand, with the decrease of natural ecological space,
a series of ecological functions such as regional biodiversity,
carbon storage, climate regulation and water conservation were
destroyed (Pei et al., 2015; Mcdonald et al., 2018; Wang et al.,
2019; Jin et al., 2020). On the other hand, with the continuous
expansion of urban space, the population have been concentrated
in urban areas, which lead to the continuous increase of pollutant
emissions and accelerated consumption of natural resources
(Elansky et al., 2018; Wang et al., 2019), destroying the ecological
environment and threatening the safety of the entire ecosystem
(Hammad and Tumeizi, 2012; Masum et al., 2017).

Researchers have proposed the concept of ecological networks
(ENs) aimed at avoiding threats to the basic structure and
function of ecosystems from the uncontrolled expansion of urban
construction. ENs is essentially a spatial regulation scheme that
coordinates natural ecosystems with socio-economic systems
(Liang et al., 2018; D’Aloia et al., 2019; De Montis et al.,
2019). It identifies the most important areas by comparing the
importance of different landscape patches to ecological processes
and ecological functions, and constructs a network system
that can maintain the integrity of regional ecosystems and the
continuity of ecological processes (Isaac et al., 2018; Cunha and
Magalhães, 2019; Huang X. et al., 2021; Tang et al., 2021). Thus,
it avoids the occupation and disturbance of these areas by urban
expansion and ultimately ensures the ecological sustainability of
regional development (Huang X. et al., 2021). Similar concepts
include ecological infrastructure (EI) (Marchant, 2014; Sigwela
et al., 2017), green infrastructure (GI) (Weber et al., 2006; Liquete
et al., 2015; Coppola et al., 2019; Afionis et al., 2020), ecological
security pattern (ESP) (Peng et al., 2018a, 2019; Huang et al.,
2019; Wang and Pan, 2019).

After decades of development, ENs construction has formed
a basic research paradigm of “identifying ecological sources,
constructing ecological resistance surfaces, and extracting
ecological corridors” (Weber et al., 2006; Peng et al., 2018b;
Huang L. et al., 2021; Huang X. et al., 2021). Various techniques
within the framework are also evolving. Among them, ecological
sources are habitat patches that are important to regional
ecosystems or have radiating functions. They are the basis for
building ENs, which are generally identified by quantitative
evaluation of ecological importance. Ecological functional
importance is generally determined by calculating the ecosystem
services that ecological patches can provide, such as biodiversity,
climate regulation and pollution prevention (Huang et al., 2019;

Peng et al., 2019; Dai et al., 2021). Landscape connectivity,
ecological sensitivity and environmental suitability are also
important indicators in the ecological importance evaluation
system (Pierik et al., 2016; Su et al., 2016; Zhang et al., 2016).
In addition, morphological spatial pattern analysis (MSPA) is
gradually becoming a key technical method for ecological sources
identification because of its emphasis on structural connectivity
to increase the scientific nature of ecological source selection
(Xiao et al., 2020; Huang X. et al., 2021). Ecological resistance
surface is another core element in the ENs construction. It is
generally obtained by assigning values to land use types. Since
direct assignment is too subjective and ignores the internal
differences under the same land use type, it hides the influence of
human activities on the ecological resistance coefficient (Huang
et al., 2019; Li et al., 2020). Therefore, indicators such as nighttime
light intensity, impervious area, and surface moisture index,
which can reflect the landscape heterogeneity of the study area,
are gradually used for the correction of the resistance surface
(Peng et al., 2018b, 2019; Huang L. et al., 2021). In the ecological
corridor extraction, the minimum cumulative resistance model
(MCR) is the traditional method which can determine the
direction and optimal route of biological flow, but cannot clarify
the spatial extent and key nodes of ecological corridors (Huang
et al., 2019; Dai et al., 2021). The application of circuit theory
effectively bridges this gap by simulating the direction of bio-flow
through the random walk of electric current and determining
the key locations in the corridor according to the magnitude of
current intensity (Peng et al., 2018b; Yang et al., 2021; Yu et al.,
2021) (Figure 1).

In recent years, research on ENs has gradually begun to
focus on the identification of the spatial range of ENs, where
the core research problem is the determination of the width of
ecological corridors. Once the width of the ecological corridor
is determined, it will make ENs no longer abstract networks
composed of points and lines, but landscape entities with
relatively defined spatial range. This will provide the theoretical
and methodological foundation for promoting ecological
conservation and restoration implementation planning and
further research within the spatial range of ENs (Huang L. et al.,
2021). Peng et al. (2018a) identified the width of ecological
corridors in Yunnan Province based on the threshold of
cummulated resistance. Dong et al. (2020) integrated spatial
continuous wavelet transform and kernel density analysis to
determine the spatial range of ecological corridors in Beijing.
Huang L. et al. (2021) determined the width of ecological
corridors in Shanghai according to different cumulative
resistance thresholds and the change trends of risk indexes.
These studies, based on the edge effect of ecological corridors,
determined the width of ecological corridors according to the
change trend of indicators reflecting the landscape heterogeneity
on both sides inside and outside the corridor, which were
the useful attempt in the study of determining the width of
ecological corridors and promotes the study of the identification
of the spatial range of ENs. However, these methods suffer from
strong subjectivity in the selection of indicators and large spatial
gradients, making the accuracy and spatial precision of ecological
corridor widths doubtful. In general, the current research on
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FIGURE 1 | The basic research paradigm of ecological network construction (blue boxes, identifying ecological sources; orange boxes, constructing ecological
resistance surfaces; green boxes, extracting ecological corridors).

identifying the spatial range of ENs is still in the initial stage, and
further improvements are still needed in the theoretical basis,
identification methods and validity tests. This study proposed
an approach to determine the width of ecological corridors
based on the effective cumulative current values of ecological
corridor simulated by circuit theory, in an attempt to improve
the objectivity and spatial precision in determining the width of
ecological corridor. The purpose of this study is to identify the
key areas within the ENs based on the improved identification
method of ENs spatial range. Then, according to the nature of
the key areas, priority areas for conservation and restoration in
the ENs of large urban agglomeration were identified.

The Shandong Peninsula urban agglomeration, located in
the eastern coastal region of China, is one of the fastest
growing urban agglomerations in China (Peng et al., 2020).
During the past decades of development, it has experienced
a rapid urbanization process, and the structure and function
of the regional ecosystem have suffered a violent impact. This
is also a common problem faced by other rapidly developing
urban agglomeration. Taking the Shandong Peninsula urban
agglomeration as an example, this study is based on a new
approach to determine the ENs spatial range of the urban

agglomeration, and to identify priority areas for conservation
and restoration in the ENs. Specifically, this study has three
research objectives: (1) to integrate MSPA and circuit theory
to identify the spatial range and key areas of ENs in large
urban agglomeration areas; (2) to identify priority conservation
and restoration areas in ENs based on the nature of key areas;
(3) to integrate important areas of ecosystem functions and
key areas of ENs into ecological conservation and restoration
implementation plans for large urban agglomeration. By focusing
on priority areas, to develop implementation planning to
promote the implementation efficiency of restoration and
conservation measures in large urban agglomeration.

STUDY AREA AND DATA SOURCE

Study Area
The Shandong Peninsula urban agglomeration is one of the
important urban agglomeration in northern China, located on
the eastern coast of China and the southern flank of the Bohai
Sea Rim. The specific scope of the Shandong Peninsula urban
agglomeration varies depending on the claims made by the
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FIGURE 2 | Land use types and geographical location of Shandong Peninsula urban agglomeration.

government and scholars at different times. In this study, we
adopt the widely accepted 8-city scenario proposed by Prof.
Zhou Yixing in “Study on the Development Strategy of Shandong
Peninsula Urban Agglomeration,” including the coastal cities of
Yantai, Weihai, Qingdao, Rizhao, Weifang, Dongying and the
two non-coastal cities of Zibo and Jinan (Figure 2). The total
land area of Shandong Peninsula urban agglomeration is about
73,000 km2, accounting for 46.5% of the Shangdong province. By
the end of 2018, the resident population of Shandong Peninsula
urban agglomeration was 45,984,200, accounting for 45.77% of
Shangdong province; the regional GDP was 4,891,191 billion
yuan, accounting for 63.96% of Shandong province, and the
per capita GDP was 106,400 yuan, 1.39 times of the province’s
average. Since 2,000, with the accelerated urbanization process,
the ecological space within the urban agglomeration has been
squeezed and degraded, and the biodiversity has been drastically
reduced. Strict ecological protection and restoration measures
must be taken to improve the ecological situation, maintain
the ecological security of urban agglomerations and achieve
sustainable regional development.

Data Source
Land use data, nighttime light index, normalized difference
vegetation index (NDVI), leaf-area index (LAI), raster
of averaged PM2.5 Concentrations, meteorological data
(precipitation, temperature, wind speed), and road traffic data
were applied to the study, and general information on each data
is shown in Table 1. Among them, NDVI was obtained from the
MOD13Q1 dataset based on the data time series from January to
December 2018 to calculate the monthly average value of raster
data that is produced every 16 days. LAI was obtained from the
MOD15A2H dataset based on the data time series from January
to March and September to December 2018 (i.e., in winter half-
year) to calculate the average value of raster data that is produced
every 8 days. The rest of the data were obtained by clipping
from the downloaded raw data. Specifically, land use data were
used for the calculation of habitat quality, habitat risk and
MSPA; nighttime light index was used for constructing ecological
resistance surfaces; NDVI and meteorological data were used
for the calculation of the net primary productivity of vegetation;
LAI and raster of averaged PM2.5 Concentrations were used
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TABLE 1 | General status of data for study.

Name of data Processing methods Formats Temporal reference Data sources

Land use data Clip 30 m*30 m raster 2018 http://www.resdc.cn/

Nighttime light index Clip 1 km*1 km raster 2018 https://www.ngdc.noaa.gov/

NDVI Clip 250 m*250 m raster monthly average value in 2018 https://lpdaac.usgs.gov/

LAI Clip 500 m*500 m raster monthly average value in 2018 https://lpdaac.usgs.gov/

PM2.5 concentrations Clip 1 km*1 km raster 2018 http://fizz.phys.dal.ca/

Precipitation Clip 1 km*1 km raster 2018 http://www.geodata.cn/

Temperature Clip 1 km*1 km raster 2018 http://www.geodata.cn/

Wind speed Clip 100 m*100 m raster 2018 https://globalsolaratlas.info/

Solar radiation Clip 100 m*100 m raster 2018 https://globalsolaratlas.info/

Traffic data Clip vector 2018 https://lbs.amap.com/

for the calculation of PM2.5 removal function (according to the
statistics, most of the PM2.5 occurs in the winter half year, so this
study calculated the ability of vegetation to remove PM2.5 in the
winter half year); road traffic data were used for the calculation
of habitat quality, habitat risk. All data were converted into a
consistent resolution (100 m ∗ 100 m).

RESEARCH METHODOLOGY

Identifying Ecological Sources Based on
Morphological Spatial Pattern Analysis
and Habitat Quality
MSPA is an image processing method based on mathematical
morphological principles such as erosion, expansion, open
operation and closed operation to measure, identify and segment
the spatial pattern of raster images (Soille and Vogt, 2009; Xiao
et al., 2020; Huang X. et al., 2021). It can distinguish the type
and structure of landscape more precisely. Combining with the
current situation of landscape types in Shandong Peninsula urban
agglomeration, natural landscapes with high ecosystem service
value and less human interference, such as forest, grassland, water
and wetland, were used as the foreground data for MSPA analysis.
Cultivated land, construction land and bare land were used as
the background data due to the lack of living environment for
species to feed. According to the parameter settings of MSPA,
the 30 × 30 m land use type raster map of Shandong Peninsula
urban agglomeration was firstly converted into binary images of
foreground and background, and then processed into seven types
of landscape elements by Guidos Toolbox software to obtain core,
islet, perforation, edge, bridge, loop, and branch.

Since MSPA only reflects the morphological and structural
importance of landscape patches in the regional landscape
pattern, it cannot evaluate the habitat suitability within the
landscape patches. Therefore, based on the MSPA analysis, this
study introduced the habitat quality model to further assess the
habitat suitability of the core area, and identified the high habitat
quality patches in the core area as ecological sources. The habitat
quality module of the InVEST model (Sharp et al., 2016) was
used to assess the habitat quality of the core area. It assesses the
distribution and degradation of habitats in different landscapes
based on the habitat quality calculated from the distance,

TABLE 2 | Parameter settings for threat sources.

Threat Maximum distance Weight Decay

Paddy field 6 0.5 Linear

Dryland 6 0.7 Linear

City 9 1 Exponential

Rural settlement 5 0.6 Exponential

Other construction land 4 0.6 Exponential

Road 4 0.5 Exponential

Bare land 4 0.3 Exponential

intensity and response of different habitats to threat sources, and
can reflect the state of biodiversity within a landscape patch and
its potential level to provide survival conditions for species (Li
et al., 2018; Sun et al., 2019). In this study, habitat quality was
measured by the habitat quality module in InVEST3.1.2 model.
The main parameters were set with reference to the example data
of InVEST model, previous studies (Sharp et al., 2016; Li et al.,
2018; Sun et al., 2019; Xu et al., 2019; Zhai et al., 2020) and actual
situation within the study area, as shown in Tables 2, 3.

Constructing Ecological Resistance
Surfaces Based on Habitat Risk
The scientific construction of ecological resistance surface is
important for the accuracy of ENs identification. Past studies
usually determined different ecological resistance values based on
different land use types (Peng et al., 2018a,b; Huang et al., 2019).
However, within urban agglomeration, landscape characteristics
such as the degree of economic development and intensity of
human activities vary greatly from region to region, leading to
great landscape variability of the same land use type in different
regions. Setting resistance values based only on land use types
cannot objectively and accurately reflect the degree of landscape
disturbance to biological flows. Therefore, this study introduced
the habitat risk model to construct ecological resistance surface.
The Habitat Risk Assessment (HRA) model is commonly used
to evaluate the impact of human activities on ecosystem health,
and can reflect the degree of human activities’ disturbance to
ecosystems. This fits perfectly with the connotation of ecological
resistance surfaces. HRA is based on ecological risk theory
and spatial overlay analysis, which combines the frequency and
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TABLE 3 | Sensitivity coefficient of habitats to threat sources.

Land-use type Habitat suitability score Sensitivity to threats

Paddy field Dryland UC RC Road Bare land

Paddy field 0.6 0 0.3 0.5 0.4 0.3 0.1

Dryland 0.4 0.3 0 0.5 0.4 0.3 0.1

Forest 1 0.8 0.5 1 0.9 0.7 0.3

Grassland 0.8 0.4 0.4 0.6 0.5 0.5 0.3

Wetland 0.9 0.7 0.7 0.9 0.8 0.5 0.3

UC 0 0 0 0 0 0 0

RC 0 0 0 0 0 0 0

Bare land 0 0 0 0 0 0 0

degree of threat of habitat threat factors, the degree of impact on
habitat factors and self-restoration ability to simulate and assess
the degree of disturbance to ecological land (Arkema et al., 2014;
Duggan et al., 2015; Wyatt et al., 2017). In this study, the habitat
risk was calculated by the habitat risk module in InVEST3.1.2
(Sharp et al., 2016). And the selection of habitat factors and threat
sources were kept consistent with the habitat quality module,
and the base parameters were set according to the HRA model
guidelines, and the exposure, impact and risk were calculated as
follows:

E =

N∑
i=1

ei
di∗wi

N∑
i=1

1
di∗wi

(1)

C =

N∑
i=1

ci
di∗wi

N∑
i=1

1
di∗wi

(2)

Rij =
√

(E− 1)2 + (C − 1)2 (3)

Ri =
J∑

j=1

Rij (4)

In the formula, E denotes exposure, C denotes influence, Rij
denotes the risk of habitat i caused by ecological threat factor j,
Ri is the habitat risk value of habitat I, ei is the average ecological
threat impact score of all patches of the threatened species, ci is
the score of all plaques affected by the habitat factor, wi is the
threat score for each grid, di is the data quality score, and N is the
number of each habitat evaluation criterion.

However, it is clear from the calculation process of habitat
risk that habitat risk can only reflect the ecological resistance
value of ecological land. For non-habitats, this study introduced
the strength of nighttime light index to reflect the spatial
extent and activity intensity of human activities on biological
flow. Nighttime light index effectively reflects the spatial extent
and activity intensity of human activities in urban area (Yang
et al., 2020), and wildlife would avoid areas usually with higher

light intensity during their activities to avoid human threats
(Gaston et al., 2013).

Identifying the Spatial Range of
Ecological Corridors and Their Key
Areas Based on Circuit Theory
Identifying the Spatial Range of Ecological Corridors
Circuit theory combines circuits in physics with ecology through
random walk theory (McRae and Beier, 2007; McRae et al., 2008).
In the process of species migration or dispersal, the landscape
is considered as a conductive surface with low resistance
in high permeability landscapes and high resistance in low
permeability landscapes. The circuit theory model assumes that
species migration or dispersal through different resistance values
produces differential current densities by connecting source
patches and creating cumulative current values as a depletion
path (Peng et al., 2018a; Huang L. et al., 2021). Higher cumulative
current values indicate better connectivity between the two
ecological sources in the area, with more species or more frequent
passage of a species through the area, i.e., more frequent use
of the ecological corridor. Therefore, this method cannot only
simulate the migration routes of organisms between ecological
sources by current direction, but also determine the spatial
range of ecological corridors by extracting the effective value
of cumulative current values (current value > 0). In this study,
the Linkage Mapper module (Version 2.0.0) in Circuitscape
(McRae and Beier, 2007; McRae et al., 2008)1 was used to identify
the direction of ecological corridors, and corridor ranges were
determined using the cumulative current value.

Identifying the Key Areas in Ecological Corridors
In circuit theory, the cumulative current value reflects the net
migration of random wanderers. The higher the cumulative
current value of a grid, the more important the grid is to the
landscape. The areas of the corridor with the highest cumulative
current density are called pinch points (McRae et al., 2008;
Xiao et al., 2020; Yu et al., 2021), which indicate that species
are more likely to pass through the area between habitats or
that there are no other available pathways. If pinch points are
removed or altered, this will have a very significant impact

1http://www.circuitscape.org/
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on regional landscape connectivity. Therefore, pinch points are
critical areas on ecological corridors and are priority areas for
ecological conservation.

The area of the corridor with the highest cumulative current
recovery value is called the barrier (Peng et al., 2018a). The
ecological corridor at the barrier is actually in a fractured
state, and the connectivity between ecological sources must
be enhanced by ecological restoration measures. Therefore,
barriers are fractured areas in ENs and are priority areas
for ecological restoration. The pinchpoint mapper and barrier
mapper modules in Circuitscape see text footnote 1were used to
identify pinchpoint and barrier.

RESEARCH RESULTS

Spatial Distribution Characteristics of
Ecological Sources in Shandong
Peninsula Urban Agglomeration
Figure 3 shows the results of MSPA analysis. After spatial
statistics, it can be found that the core areas account for about
11.04% of the total area of the study area and about 45.96% of
the natural ecological space. They were distributed in clusters
within the study area. The areas of high habitat quality in the
study area (Figure 4) were more consistent with the core areas
in terms of spatial distribution. And the ecological sources of
the Shandong Peninsula urban agglomeration were obtained
by extracting the habitat quality high value areas in the core
areas. The ecological sources mainly consisted of forests and
wetlands, with a total of 146 locations and a total area of 6,263.73
km2, accounting for about 8.35% of the study area. In terms
of spatial distribution (Figure 5), the ecological sources were

concentrated in the hilly mountainous and coastal areas of the
study area, and were distributed in five groups. The first is the
Jinan-Zibo group, including the northern part of Mount Tai,
Mount Lu and Mount Yi; the second is the Dongying-Weifang
group, including the coastal wetlands of the two regions; the
third is the Rizhao group, mainly the Wulian Mountain in
Rizhao; the fourth is the Yantai-Weihai group, including the
continuous hills of Kunyu Mountain, Mount Ai; The fifth group
is the Yantai-Qingdao group, which includes Daji Mountain,
Daze Mountain and Mount Cha in the border area between
Yantai and Qingdao. In addition to the five groups, a few
isolated patches such as Laoshan Mountain were also included. In
general, ecological sources were scarce in the central part of the
urban agglomeration, resulting in the fragmentation of ecological
sources in the Shandong Peninsula urban agglomeration and long
distances between source groups.

Spatial Differences in Ecological
Resistance Surfaces in the Shandong
Peninsula Urban Agglomeration
As shown in Figure 6, the spatial heterogeneity of ecological
resistance surfaces in the Shandong Peninsula urban
agglomeration integrating habitat risk and nighttime light
index was significant, which fully reflected the scope and
intensity of human activities within the urban agglomeration.
Coastal cities such as Yantai, Weihai and Qingdao formed a
continuous space of high resistance values along the coastline.
Inland cities such as Jinan, Zibo and Weifang formed large-scale
contiguous areas of high resistance value near their central urban
areas. Small and medium-sized towns between major cities
formed areas with the next highest resistance values. In addition,
the transportation networks connecting cities and towns also

FIGURE 3 | MSPA landscape classification.
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FIGURE 4 | Spatial differentiation of habitat quality in Shandong Peninsula urban agglomeration.

FIGURE 5 | Spatial distribution of ecological sources in Shandong Peninsula urban agglomeration.

have relatively high resistance values. The average resistance
value within the urban agglomeration was 21.61. Among them,
Qingdao had the highest average resistance value of 25.044,
while Zibo, Jinan and Weihai had higher average resistance
values than the regional average of 23.79/23.38/22.12. Yantai
and Rizhao had the lowest average resistance values of 19.28
and 17.96, respectively. In general, the natural ecological space
in the Shandong Peninsula urban agglomeration was squeezed
into relatively closed ecological clusters by the contiguous urban
space and the dense road traffic network. The inter-group

connections were cut and hindered, resulting in a serious impact
on the integrity and connectivity of the ecosystem within the
urban agglomeration.

Spatial Distribution of Ecological
Networks in Shandong Peninsula Urban
Agglomeration
Based on the identification and calculation results of ecological
sources and ecological resistance surfaces, combined with
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FIGURE 6 | Spatial differentiation of ecological resistance surface in Shandong Peninsula urban agglomeration.

FIGURE 7 | Spatial orientation of ecological corridors in Shandong Peninsula urban agglomeration.

circuit theory calculations, the ecological corridors of Shandong
Peninsula urban agglomeration were identified. As shown in
Figure 7, the total length of ecological corridors in the Shandong
Peninsula urban agglomeration was 2994.74 km, and the average
length of ecological corridors in each ecological source group was
9.14 km, of which the average distance of ecological corridors
in the Jinan-Zibo group was 7.22 km and the average distance
in the Rizhao group was 18.27 km. The average length of the
inter-group corridors was 76.86 km, among which the No. 1
inter-group corridor and No. 6 inter-group corridor were more

than 80 km apart, indicating that the connection between the
ecological source groups was weak, and the risk of disturbance
and breakage was relatively high.

On the basis of the calculated ecological corridor orientation,
the spatial range of the ecological corridor was obtained by
calculating the cumulative current values between the sources
and extracting the effective current values. As shown in Figure 8,
the average value of cumulative current value of ecological
corridors in urban agglomeration was 0.049, the highest value was
1, and the lowest value tends to be 0. The total area of ecological
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FIGURE 8 | Cumulative current value of ecological corridors in Shandong Peninsula urban agglomeration.

FIGURE 9 | Spatial distribution of ecological networks (ENs) in Shandong Peninsula urban agglomeration.

corridors was 5872.86 km2. In general, the average width of
ecological corridors within urban agglomeration was 1.96 km.
However, the width of ecological corridors in different regions
varies greatly. The average width of the inter-group corridors was
1.45 km, and the average width of the No. 1 inter-group corridor
was the narrowest at 1.12 km, while the average width of the
corridors in the Jinan-Zibo eco-source cluster was 3.18 km. This
was mainly due to the fact that the inter-group corridors have to
traverse human settlements with strong landscape heterogeneity,
and the corridor space was severely squeezed, so they were mostly

in a narrow linear configuration. On the other hand, most of
the ecological corridors in the ecological source groups were
natural ecological spaces, and the corridors were less disturbed
and squeezed, so they were mostly faceted. This also indicates
that biological activities in this area were unrestricted or little
restricted, and can flow almost freely.

Integrating ecological sources and ecological corridors, the
spatial range of the ENs of the Shandong Peninsula urban
agglomeration was identified (Figure 9). The total area of
the ENs was 12136.61 km2, accounting for 16.18% of the
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FIGURE 10 | Spatial distribution of conservation priority areas in the ENs of Shandong Peninsula urban agglomeration.

total area of the study area. Among them, they were mainly
distributed in Dongying, Zibo and Yantai, accounting for
25.26/19.91/18.27%, respectively; Weihai, Rizhao and Weifang
each accounted for about 15%; Jinan and Qingdao accounted
for the lowest percentage, about 10% each. The overall ENs
also shown the spatial characteristics that dense surrounding
and scarcity in the middle, influenced by the concentrated
distribution of ecological sources in the periphery of the
urban agglomeration.

Priority Conservation and Restoration
Areas in the Ecological Networks of
Shandong Peninsula Urban
Agglomeration
The priority conservation areas are the pinch points on the
ecological corridor. As shown in Figure 10, the total area of the
high value of cumulative current intensity (pinch points) was
about 283.61 km2, accounting for 2.33% of the total area of the
ENs. The pinch points were concentrated on the inter-group
corridors and the corridors within the Yantai-Weihai group.
Most of these corridors passed through dense urban areas and
were poorly replaceable; once the function of the pinch point
was degraded or lost, it will affect the connection of the whole
ENs. Therefore, including the pinch point areas into the priority

conservation areas of the ENs and ensuring the smooth flow
of ecological corridors in the pinch point areas was the key
to ensure that the ecological corridors effectively perform their
ecological functions.

The priority restoration area is the barrier on the ecological
corridor. As shown in Figure 11, the high value areas
of cumulative current recovery value (barriers) were mainly
distributed in the eastern part of the central urban area of Jinan,
the eastern part of the central urban area of Zibo, the eastern
part of Qingdao, the southern part of the central urban area of
Yantai and the southern part of the southwestern part of the
central urban area of Weihai, with a total of 266 locations and a
total area of 347.51 km2, accounting for 2.86% of the total area
of the ENs. Among them, there were 61 obstacle points with
an area of more than 1 km2, mainly distributed in the No. 1
inter-group corridor, No. 6 inter-group corridor and within the
Yantai-Weihai ecological source group. These areas were densely
populated with towns, concentrated contiguous construction
land, intensive human activities, fragmented ecological land,
narrow ecological corridors, and actual in a fractured state.
Among them, the most urgent need for restoration measures
was the area where pinch points and barriers overlap, with an
area of 88.37 km2. These areas were the only corridors for
biological flow between sources, with no alternative paths, but
at the same time were in a broken state, indicating that there
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FIGURE 11 | Spatial distribution of restoration priority areas in the ENs of Shandong Peninsula urban agglomeration.

were no available paths between the ecological sources connected
by this corridor. Therefore, if restoration measures were not
taken in time, the connectivity of the urban agglomeration
ecosystem and the effectiveness of ecological functions will be
seriously affected.

In general, although the ENs in the Shandong Peninsula urban
agglomeration consisted of large ecological sources and large-
scale ecological corridors, the construction of ENs needs to focus
on only a small part of the study area while maintaining the
status quo. Most ecological corridors were in a reliable state,
and the area that was in a broken state and must be restored
does not exceed 350 km2. Although it is difficult to maintain
the status quo, which is needed to control the rate, scale and
direction of urban expansion. However, by focusing on priority
areas for restoration and conservation, it provides a viable option
for ENs construction.

DISCUSSION AND CONCLUSION

The Role of Ecosystem Functionally
Important Areas in Ecological Networks
In this study, we identified ecological sources based on MSPA
analysis and habitat quality assessment, constructed ecological

resistance surfaces based on habitat risk and nighttime light
data, and identified ecological corridors based on circuit
theory. In general, we constructed an ENs for the Shandong
Peninsula urban agglomeration from the perspective of
maintaining ecosystem connectivity. However, the ENs should
promote nature conservation on the one hand, and take
into account the human demand for ecological products
on the other hand, especially in large urban agglomeration.
Therefore, ENs should not only maintain the integrity and
connectivity of ecosystems, but also maintain and promote
the effective performance of ecosystem functions and the
effective supply of ecosystem services. Ecosystem functions
include four aspects such as production function, regulation
function, habitat maintenance function and information
function (O’Farrell and Anderson, 2010). Ecosystem functionally
important areas are key areas within an ecosystem that can
effectively perform ecosystem functions. In the past studies,
ecosystem functionally important areas were often directly
considered as ecological sources (Weber et al., 2006; Peng
et al., 2018b). However, connecting ecosystem functionally
important areas (e.g., water connotation areas and recreational
recreation areas) using ecological corridors does not seem
to promote ecosystem function per se. Considering the
natural ecological conditions and ecological needs of the study
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FIGURE 12 | Spatial overlap of ENs and ecosystem functionally important areas.

area, this study discusses the role of ecosystem functionally
important area in the ENs by identifying important area of
carbon sequestration function and PM2.5 removal function
in the regulating function (the detailed calculation process in
Supplementary Material).

In terms of spatial distribution (Figure 12), the scope and
area of the ecosystem functionally important areas are much
larger than the ecological sources. If the ecosystem functionally
important areas are included in the ecological sources, it is likely
to identify ineffective ecological corridors, increase the scale and
protection cost of the ENs, and reduce the nature conservation
value and efficiency. Looking at the spatial overlay of ecological
networks and ecosystem functionally important areas, a clear
spatial hierarchy can be found. The ecological sources are the
core, the ecological corridors are the channels that disperse
around the ecological sources, and the ecosystem functionally
important areas surround them. Therefore, we consider the
ecosystem functionally important areas as a low-intensity land
use buffer around the ecological network, which protects the
ENs from the high-intensity disturbances associated with urban
development and is an important part of the ENs. It can also be
considered as a transition area between the natural ecosystem
represented by the ENs and the socio-economic system, which
provides both a buffer zone for the protection of the ENs and an
effective ecosystem service for human society.

Achieving nature conservation and maintaining ecosystem
functions are two aspects of ENs, which should not be confused
with each other but not completely separated. We believe

that on the basis of constructing ENs that maintains regional
biodiversity and regional ecosystem connectivity, integrating
ecosystem functionally important areas into the ENs and acting
as buffer zones for the core elements of the ENs can realize the
integration of the structure and function of the ENs.

Implications for the Implementation Plan
of Ecological Conservation and
Restoration in Shandong Peninsula
Urban Agglomeration
For different spatial elements in the ENs, according to
the ecological characteristics of various spatial elements and
their sensitivity to human activities, the implementation
plan for ecological conservation and restoration of large
urban agglomeration should develop different conservation and
restoration measures. First, the ecological source areas that need
strict conservation. For core habitats such as Mount Lu, Mount
Yi and Kunyu mountain, ecological conservation measures
must be strictly implemented to enhance the conservation and
maintenance of habitat systems on the premise of ecological
conservation; the intensity of human activities must be reduced as
much as possible, and all large-scale production and construction
activities are prohibited. Second, ecological corridors that need
to be maintained and constructed. For the priority conservation
areas on ecological corridors, land use type conversion should
be strictly restricted to avoid the loss of ecological functions and
affect the efficiency and stability of ENs connectivity. For the
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priority restoration areas on ecological corridors, engineering
measures such as returning farmland to forest and grass,
ecological re-greening, and building wildlife corridors should be
taken to restore corridor functions and improve the connectivity
of ENs. Third, ecosystem functionally important areas that
need to be maintained and protected. Destructive and high-
intensity urban development should be avoided in these areas,
and agricultural development, tourism development and other
development and utilization activities should be carried out
without destroying the corresponding ecological functions.

Limitations and Directions for Future
Work
In China, ecosystem conservation and restoration has been
elevated to a national strategy in response to the enormous
threats to the country’s natural ecosystem caused by rapid
urban expansion over the past decades. Especially in large
urban agglomeration, there is an urgent need to identify key
ecological spaces and prioritize conservation and restoration.
Based on the integration of MSPA and circuit theory, this
study develops an integrated approach to identify the
spatial range and key areas of ENs and integrate ecosystem
functionally important areas into them to form a spatial
scheme of ENs that both achieve nature conservation and
maintain ecosystem functions. In the ENs identification,
we improved the method of setting ecological resistance
surface. Unlike most past studies that assigned ecological
resistance values based on land use types, we constructed
ecological resistance surfaces based on habitat risk and
nighttime lighting data. This method takes into account the
landscape variability of the same land type in different areas,
which makes the setting of resistance values more objective.
Based on the effective current intensity and cumulative
recovery current values of the ecological corridor calculated
by circuit theory, this study identified the width and key
areas of the ecological corridor. Compared with most past
studies that could only identify the direction of ecological
corridors, this made the ENs no longer an abstract network
of points and lines, but a spatially presentable landscape
entity. And it allows ENs planning and ecological protection
and restoration measures for large urban agglomeration
to be implemented to specific patches. By focusing on
priority conservation and restoration areas in ENs, the
effectiveness and connectivity of ENs can be ensured as
much as possible by concentrating ecological investments in
a few priority areas with limited investments. In addition,
we have explored the integration of ecologically important
areas into ENs, rather than simply including ecologically
important areas into ecological sources, to avoid the creation of
ineffective corridors.

However, combined with the existing studies, we believe
that there are still some shortcomings in this study that
need to be further explored. The determination of the width
of ecological corridors is still a difficult problem in ENs

research (Weber et al., 2006; Wang et al., 2019; Huang
L. et al., 2021). Research on ecological corridor width
determination is not mature. This study took the effective
current value of the ecological corridor calculated by the
model as the spatial range of the ecological corridor. Although
it avoids the subjectivity of indicator selection and spatial
gradient setting in existing methods and improves the spatial
precision of corridor identification, it does not take into
account the landscape characteristics, spatial heterogeneity
and functional effectiveness inside and outside the corridor.
These are the key indicators that may affect the corridor
width. Therefore, the accuracy and validity of ecological
corridor width still need to be further tested and studied.
The design of ecological corridors strictly depends on the
spatial scale (Fichera et al., 2015; Liang et al., 2018), so
what is the appropriate width of ecological corridors under
different geographic environments and spatial scales? Further
research should be conducted from different perspective and
corridor ecological effect measurement. In addition, in-depth
research is needed on the coupling and coordination of
nature conservation and ecosystem functions in ENs. In
addition to the simple inclusion of ecosystem functionally
important areas into ecological networks, the coupling and
coordination relationship between biodiversity conservation
and multiple ecosystem functions, and the difference in
sensitivity of different ecosystem functions to human activities
should be explored.

CONCLUSION

Most previous studies on ENs can only determine the orientation
of ecological corridors, and were not mature enough in
determining their spatial range. In this study, an integrated
approach based on MSPA analysis and circuit theory was
developed for determining the spatial range of ENs of the
Shandong Peninsula urban agglomeration and the priority
areas for restoration and protection. The results shown that
the ENs of the Shandong Peninsula urban agglomeration
consists of 6,263.73 km2 of ecological sources and 12136.61
km2 of ecological corridors, accounting for about 16.18% of
the total area of the study area. Ecological sources were
distributed in groups, and ecological corridors were distributed
in a network within each source group and in a narrow
line between source groups. The priority conservation areas
and priority restoration areas in the ENs were pinch points
and barriers on the ecological corridors, respectively, with
a total area of 542.75 km2. Planners and the government
should focus implementation planning on priority areas through
effective restoration and protection measures, such as eco-
redlining policies, eco-agriculture, and reforestation. This
method can provide spatial guidance for the implementation
of ENs and urban planning for the Shandong Peninsula
urban agglomeration. This approach prioritizes ENs in a
simple but effective way, which may help planners and the
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government to implement ecological protection and restoration
projects, and more funds and resources should be allocated
to priority areas.
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Spatiotemporal Differentiation of Land
Ecological Security and Its Influencing
Factors: A Case Study in Jinan,
Shandong Province, China
Jinhua Liu1†, Xiangyang Cao2†, Lesong Zhao3, Guanglong Dong1 and Kun Jia1*

1School of Management Engineering, Shandong Jianzhu University, Jinan, China, 2School of Civil Engineering, Shandong
Jiaotong University, Jinan, China, 3School of Public Administration, South China Agricultural University, Guangzhou, China

Land ecological security plays an important role in the sustainable land resources utilization
and social economic development. In this study, the Pressure-State-Response (PSR)
model was constructed to measure the land ecological security pattern based on grids
scale of Jinan from 2006 to 2016. Then, Moran’s index was used to explore the spatial
autocorrelation of the land ecological security score. Finally, the driving factors of land
ecological security pattern differentiation in Jinan were revealed by using geographical
detector method. The results showed that the level of land ecological security in Jinan,
generally, decreased at the beginning and then gradually increased during the research
periods. More specifically, land ecological security was represented as a downward trend
in the central region and an upward trend in the southern mountainous area. The apparent
regional heterogeneity of land ecological security level in Jinan showed the overall
distribution pattern “low in the middle and high around” and the direction of urban
expansion consistent with the low-level land ecological security. Land ecological
security presented a significant spatial autocorrelation. The differentiation of land
ecological security pattern was mainly driven by social and economic development
factors, among which urban expansion was most important, so urban development
should try to avoid occupying those areas with high level of land ecological security.
From the study, the valuable information could be provided in the improvement of land
ecosystem environment and in the facilitation of sustainable development.

Keywords: land ecological security, spatiotemporal differentiation, influencing factors, PSR model, geographical
detector, Jinan

1 INTRODUCTION

Land is the material basis for the survival and development of human society and the basic premise
for the healthy development of an ecosystem (Zhang et al., 2007; Wu et al., 2019a; Liu et al., 2020).
With the acceleration of industrialization and urbanization, human demand for land is increasing
(Chen, 2007; Long et al., 2012; Wu and Zhang, 2012). Unreasonable land use not only makes more
apparent the contradiction between increasing population and land use, but it also causes a series of
ecological problems (Kim et al., 2009; Nunes et al., 2011). With the ecological problems attracting
broad attention by the government, ecological security has gradually become a hot topic in the
international ecological environment research field and a new theme of the sustainable development
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of the human economy and society (Steffen et al., 2015).
Numerous studies have been carried out worldwide and a
series of significant developments have been achieved (Yang
et al., 2018).

The concept of land ecological security originates from
ecological security, representing the health of environment and
sustainability of land resources and ecosystems, which can
provide steady ecological services and meet ecological needs
for future generations (Wen et al., 2021). Studies have shown
that land use can greatly influence the regional environment and
ecosystem services, and land ecological security is important to
the ecosystem (Liu et al., 2019b; Wu et al., 2019b). Especially with
the rapid increase of population, the excessive pursuit of
economic benefits of land use has destroyed the land ecology
to a certain extent. Conversely, land ecological destruction has
increasingly restricted human social and economic activities, and
reduced land sustainability. At present, many regions are in a
critical period of ecological environment quality transformation
(Cohen, 2006). As the capital of Shandong, Jinan is in the stage of
rapid urbanization and is faced with considerable discussion on
land use and ecological environmental protection (Qi et al., 2020;
Liu et al., 2021a). The systematic evaluation and analysis of land
ecological security and its influencing factors have important
significance for ecological civilization construction and high-
quality social economic development in Jinan.

In recent years, land ecological security has attracted much
attention (Yan et al., 2015; Feng et al., 2018; Guo et al., 2021).
From the research content, scholars mainly carry out land
ecological security evaluation from different research scales,
indexes, and methods (Li et al., 2014; Li et al., 2019a; Liu et al.,
2019a; Yang and Cai, 2020). Research scales are generally
divided into time scale and space scale. The time scale includes
static and dynamic. The spatial scale is mainly concentrated
on provinces, cities, counties, a few important economic
zones, and watersheds. The evaluation indexes of land
ecological security are mainly constructed by Pressure-
State-Response (PSR), Economy-Environment-Society, and
Driving Force-Pressure-State-Impact-Response (DPSIR)
(Wolfslehner and Vacik, 2008; Sekovski et al., 2012;
Geissdoerfer et al., 2017). The evaluation methods mainly
include the comprehensive index method, matter element
model, gray correlation method, ecological footprint
method, TOPSIS method, etc. (Behzadian et al., 2012; Gong
et al., 2012; Li et al., 2019b; Ma et al., 2019; Seyedmohammadi
et al., 2019). The existing research has enriched the research
content of land ecological security and promoted the process
of ecological civilization construction. However, the current
research mainly focuses on large-scale regions (city and
country), and it is difficult to accurately express the
evaluation results. It is imperative to analyze the land
ecological security based on a spatial scale of grids. Besides,
the difficulty of existing evaluation index in adapting to the
regional characteristics of the study area will cause poor
management of specific land. In addition, the core of land
ecological security lies in effective identification of key
influencing factors which include such factors as social-
economic development and human activities that tend to

be ignored in previous studies, and thus should be given a
comprehensive consideration.

From what has been discussed above, this study analyzed the
spatiotemporal differentiation of land ecological security and its
influencing factors based onmulti-source data in Jinan from 2006
to 2016. The evaluation index system was established at the
beginning by the use of the PSR model reflecting the
interaction mechanisms between the natural and the social
ecosystem. Then, land ecological security was evaluated based
on 1 km*1 km grids determining the index weights by the entropy
weight and analytic hierarchy process (AHP) method, and the
spatiotemporal pattern was analyzed thoroughly. Finally, the
geographical detector method was employed to identify the
dominant factors influencing the spatial differentiation of land
ecological security from four aspects. The results can provide
meaningful insights for sustainable land use and sustainable
urban development, and facilitate decision-makers to
formulate refined optimization countermeasures. The
objectives of this study were (1) to evaluate the land ecological
security and analyze the spatiotemporal pattern in Jinan; and (2)
to investigate the influencing factors driving the spatial
differentiation of land ecological security.

2 MATERIALS AND METHODS

2.1 Study Area
Jinan, located in the middle of the Shandong province in China,
stands at the edge of a foothill and an alluvial plain with high
topography in the south and low topography in the north
(Figure 1). Its location close to the mountain Tai in the south
and the Yellow River in the northmakes the city vital to ecological
environmental protection. Because of the “72 famous springs,” it
also has the reputation as a “Spring City.”Meanwhile, it is one of
the central cities in the south of Bohai Rim and the middle and
lower reaches of the Yellow River.

2.2 Data Source
The data is divided into land spatial statistics and socio-economic
statistics. The land spatial statistics obtained from the Jinan Land
Resources Department and other relevant departments, include
current land utilization statistics, land use annual alteration
investigation statistics, investigation achievement of cultivated
land backup resources, capital farmland delimitation, ecological
function delimitation, biodiversity conservation, and ecological
conservation district data. The socio-economic data was collected
from Jinan Statistical Yearbook (for 2007, 2012, and 2017), the
environmental collection bulletin, and the 13th Five-Year-Plan
forestation development strategy. Through recalculation, the data
is recalculated into 8460 grids (1 km*1 km).

2.3 Methodology
2.3.1 Establishment of PSR Model Index System
The study, based on the PSR model, selected 24 indicators to
construct the land ecological security evaluation index system in
Jinan (Table 1). Among the system, the direct influences on the
land ecological security exerted by different utilization patterns
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can be reflected by the project “Pressure,” from which the indexes
were constructed from seven indicators: population density,
population growth rate, per cultivated land chemical fertilizer,
per cultivated land pesticide, proportion of aline-alkali soil,
urbanization rate, and proportion of construction land. The

project “State” indicated the current situation or future
tendency of the target, containing ten indicators for the
construction of the indexes: per capita cultivated land, per
capita land resource backup, proportion of transportation
land, forest coverage rate, proportion of water area, proportion

FIGURE 1 | Study area.

TABLE 1 | Land ecological security assessment indexes in Jinan.

Target Project Factor Index Scale Attribute Reference

Land ecological security Pressure Population Population density County/District Negative Ma et al. (2019)
Population growth rate County/District Negative Gao et al. (2018)

Land Per cultivated land chemical fertilizer County/District Negative Ma et al. (2019)
Per cultivated land pesticide County/District Negative Li et al. (2019a)
Proportion of aline-alkali soil Grid Negative Chen et al. (2019)

City Urbanization rate County/District Negative Liu et al. (2019a)
Proportion of construction land Grid Negative Wen et al. (2021)

State Resource Per capita cultivated land Grid Positive Ma et al. (2019)
Per capita land resource backup Grid Positive Li et al. (2019a)
Proportion of transportation land Grid Negative Liu et al. (2019a)

Ecology The forest coverage rate Grid Positive Li et al. (2020)
Proportion of water area Grid Positive Wu et al. (2019a)
Proportion of grassland Grid Positive Feng et al. (2017)
Spring group distribution Grid Positive Yang et al. (2021)

Economy Yield per area under crops County/District Positive Ma et al. (2019)
Per capita GDP County/District Negative Feng et al. (2017)
Economic density County/District Negative Ma et al. (2019)

Response Environment Proportion of environment protection investment in GDP County/District Positive Li et al. (2019a)
Carbon emission per billion yuan in GDP County/District Negative Feng et al. (2018)

Policy Proportion of forestation Grid Positive Chen et al. (2019)
Effective irrigation area County/District Positive Gong et al. (2012)
Natural reserve Grid Positive Liu et al. (2019a)

Industry Proportion of primary industry in GDP County/District Positive Su et al., 2011
Proportion of tertiary industry in GDP County/District Positive Wen et al. (2021)
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of grassland, spring group distribution, yield per area under
crops, per capita GDP, and economic density. “Response,”
another project in the system, representing the efforts made in
environmental rehabilitation and adjustments, included seven
more indicators to construct the indexes: proportion of
environmental protection investment in GDP, carbon emission
per billion yuan in GDP, proportion of forestation, effective
irrigation area, natural reserve, proportion of primary industry
in GDP, and proportion of tertiary industry in GDP. On the
whole, the PSR model reflects the integration of nature, society,
and human beings.

2.3.2 Standardization of the Index
Given the great dimensional variations between different
indicators, we performed logarithmic transformation and
standardized all evaluation indicators within each grid cell. In
total, 13 positive indicators and 11 negative indicators were
established considering the impact of each indicator on land
ecological security. The formulas for standardization were
indicated below (Zhang et al., 2017).

Positive index : Xij �
xij −min(xij)

max(xij) −min(xij)
+ 1 (1)

Negative index : Xij �
max(xij) − xij

max(xij) −min(xij)
+ 1 (2)

where Xij represents the realistic value of the jth indicator in the
ith grid cell;Xij represents the standardized value ofXij;min(xij)
andmin(xij) represent the minimum and maximum value ofXij.

2.3.3 Determination of Weights
The determination of weight plays a very important role in multi-
index comprehensive evaluation. The methods of weight
determination can be divided into subjective and objective.

The main methods of subjective evaluation include Delphi,
cycle score, AHP, and empirical estimation (Okoli and
Pawlowski, 2004; Geist, 2010). The main methods of objective
evaluation include factor analysis, cluster analysis, principal
component analysis, and entropy weight method (Blashfield
and Aldenderfer, 1978; Lansangan and Barrios, 2009; Li et al.,
2010; Liu et al., 2021b). Subjective methods are easily limited and
influenced by the judge’s own conditions while objective methods
cannot flexibly add the experience of experts. Therefore, this
study usesd entropy weight method and AHP to determine the
index weight so as to establish a scientific and reasonable index
weight system (Figure 2). The formula of compound weight is
shown in formula 3. The calculation results of compound weight
were as follows (Table 2).

Wi � αpSi + (1 − α)pOi (3)
where Si represents the subjective weight of the ith indicator; Oi

represents the objective weight of the ith indicator;Wi represents
the compound weight of the ith indicator; and α is the balance
coefficient of the two methods.

The result was based on the principle that the single score of
each grid cell was calculated by multiplying the standardized data
with the corresponding weight. Then, we added up all the scores
of each indicator so as to get the results of land ecological security.
The equation for this formulation was indicated below.

LES � ∑
n

i�1
SipWi (4)

where LES represents the final result of land ecological security in
each grid cell; Si represents the security index of the ith indicator;
and Wi represents the weight of the corresponding indicator.
Higher LES values indicated better land ecological secure
conditions in the area.

2.3.4 Classification of Land Ecological Security
In order to make the overall characteristics of land ecological
security more prominent, the Jenks Natural Breaks method
was used to classify the regional types (Feng et al., 2017; Liu
et al., 2019a). The result further showed that the land
ecological security of Jinan was divided into five levels:
Secure (I), Sub-secure (II), Moderate (III), Sensitive (IV),
and Severe (V) (Table 3).

2.3.5 Spatial Autocorrelation Analysis
Exploratory spatial data analysis was performed to quantify
spatial heterogeneity, detect spatial autocorrelation patterns,
and identify clusters of similar incidence and outliers (Oom
and Pereira, 2013). Spatial autocorrelation analysis consists of
global and local spatial autocorrelation. Global spatial
autocorrelation can be observed by the global Moran’s I
statistic. However, the global statistic gives a measure of
overall clustering but it is still under investigation as well in
the location of clusters or outliers or the type of spatial
correlation that may exist in the data. Therefore, a detailed
characterization of the clustering characteristics of the land
ecological security was conducted by local indicators of spatial

FIGURE 2 | Flow chart of weight determination.
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autocorrelation (LISA) and Moran scatterplots. The formulas
were indicated below.

Moran’s I � ∑n
i�1∑

n
j�1wij(xi − u)(xj − u)

∑n
i�1∑

n
j�1wij × 1

n∑
n
i�1(xi − u) (5)

LocalMoran’s I � (xi − u)
S2

∑
n

j�1
wij(xj − u) (6)

S2 � 1
n
∑
n

i

(xi − u)2 (7)

u � 1
n
∑
n

i�1
xi (8)

where n represents the number of all grid cells; Xi and Xj
represents the observation of location i and j, respectively; Wij
represents the element of the spatial weights matrix w
corresponding to the observation pair (i,j), and represents the

component that incorporates “space.” The scores of both indexes
range from −1 to 1, but Moran’s I demonstrate that the positive
mean grid cells with similar values cluster together, as well as the
negative means grid cells with dissimilar values. The nature of
spatial association can be categorized into four types: “High-
High” (I, first quadrant) and “Low-Low” (III, third quadrant)
with spatial cluster of similar grid cells; “Low-High” (II, second
quadrant) and “High-Low” (IV, fourth quadrant) with spatial
cluster of dissimilar grid cells.

2.3.6 Geographical Detector Analysis
Geographical detector is a statistical method to detect spatial
differentiation and reveal the driving factors behind it (Yang et al.,
2019; Zhu et al., 2020). There are spatial differences in land
ecological security which is affected by many factors. For an
illustrative purpose, this study quantitatively explored the
dominant factors driving the spatial differentiation of land

TABLE 2 | Land ecological security assessment weights in Jinan.

Index Entropy AHP Compound

Population density 0.0085 0.0138 0.0125
Population growth rate 0.0652 0.0035 0.0210
Per cultivated land chemical fertilizer 0.0364 0.0171 0.0104
Per cultivated land pesticide 0.0222 0.0065 0.0182
Proportion of aline-alkali soil 0.0010 0.2906 0.0258
Urbanization rate 0.0262 0.0218 0.0077
Proportion of construction land 0.0239 0.0449 0.0616
Per capita cultivated land 0.0455 0.1061 0.0495
Per capita land resource backup 0.0793 0.0446 0.0307
Proportion of transportation land 0.0005 0.0971 0.0212
The forest coverage rate 0.0341 0.0499 0.1418
Proportion of water area 0.0131 0.0871 0.1001
Proportion of grassland 0.0007 0.0140 0.1201
Spring group distribution 0.1494 0.0274 0.1301
Yield per area under crops 0.0399 0.0609 0.0141
Per capita GDP 0.0363 0.0200 0.0119
Economic density 0.0071 0.0066 0.0064
Proportion of environment protection investment in GDP 0.0559 0.0162 0.0197
Carbon emission per billion yuan in GDP 0.0860 0.0040 0.0187
Proportion of forestation 0.0571 0.0410 0.0127
Effective irrigation area 0.0708 0.0050 0.0116
Natural reserve 0.0074 0.0111 0.1125
Proportion of primary industry in GDP 0.0645 0.0072 0.0196
Proportion of tertiary industry in GDP 0.0689 0.0036 0.0220

TABLE 3 | Land ecological security classification.

Level Value Characteristics of the ecosystem

Secure (I) 1.42–2 The land ecosystem service function is perfect and the structure is complete; the ecological environment is very good, and
there are basically no ecological problems

Sub-secure (II) 1.34–1.42 The function of the ecosystem is well-protected; could rehabilitate itself naturally if damaged; no distinct ecological problems
Moderate (III) 1.27–1.34 The function of land ecosystem starts degenerating; its structure changed slightly but still can maintain its fundamental

function; easy to deteriorate but still easy to restore
Sensitive (IV) 1.22–1.27 Half of the service function land ecosystem has been invalidated; the environment and structure of the ecosystem are

seriously damaged; hard to be rehabilitated and restored
Severe (V) 1–1.22 The service function of land ecosystem is basically lost; ecological environment is severely deteriorating; the structure of the

ecosystem has been substantially damaged; very difficult to be rehabilitated and restored
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ecological security level by using the geographical detector in
different periods. In this method, the larger the q-statistic, the
stronger the explanatory power of the factor. The q-statistic
ranges from 0 to 1. The calculation formula was as follows:

q � 1 − 1
Nσ2

∑
L

h�1
Nhσ

2
h (9)

where h represents the classes of variables; N and Nh represent
the number of grid cells within the entire region and subregion h,
respectively; σ2 and σ2h represent the variances of the entire region
and subregion h, respectively.

3 RESULTS

3.1 Variation of Land Ecological Security
Structure
In 2006, moderate and sub-secure regions covered an area of
4,054.39 km2, accounting for over half of the study area
(Figure 3). Specifically, moderate security areas added up to
2,039.35 km2 taking the largest proportion of the entire city
(i.e., 25.5%); what’s more, sub-secure areas added up to
2,015.04 km2 accounting for 25.19%. In 2011, the area of
moderate security area reached 2231.19 km2, accounting for
27.89% of the total area and followed by sensitive area,
accounting for 24.90%. Both of the two areas respectively
increased by 9.41 and 52.78% compared to 2006. However,
secure areas covered an area of 1,050.79 km2, decreasing by
35.79% from 2006. Sub-secure and severe areas covered about
1,758.75 and 966.31 km2 respectively, accounting for 21.99 and
12.08% of the total area, decreasing by 12.72 and 3.77%,
respectively. On the whole view, the land ecological security of
Jinan decreased from 2006 to 2011. Specifically, levels of secure
and sub-secure areas were converted into moderate and sensitive
areas while some scattered instances of severe areas were
converted to sensitive.

In 2016, secure areas added up to 1,219.03 km2, increasing by
16.01% from 2011. Sub-secure areas covered about 1,832.13 km2

accounting for 22.91% of the total area, and increasing by 4.17%
from 2011. Moderate areas added up to 3,220.01 km2 and

accounted for 40.26% of the total area, increasing by 44.32%
from 2011. Sensitive and severe areas covered 1,159.82 and
567.76 km2 accounting for 14.50 and 7.10%, decreasing by
41.77 and 41.24% respectively compared to 2011. The results
show that the overall condition of land ecological security has
improved from 2011. All these changes are benefited from Jinan’s
great emphasis on environmental protection. The awareness of
environmental protection has been widely publicized among the
people and heavily polluted industries have been forced to move
outside of the middle region of Jinan. Furthermore, since the
establishment of 12th Five-Year Plan of China, the local
government worked hard in upgrading the tertiary industry as
the predominant so as to improve the land ecological security.

3.2 Analysis of Spatiotemporal Pattern
The land ecological security of Jinan has continuously changed
with the development and construction of the city. The land
ecological security of Jinan was characteristically low in the
middle, but relatively high in the surrounding areas. The
ecological security in the middle region was overwhelmingly
negative categorized at the severe level. In contrast, the east,
west, south, and north regions were categorized in a positive
ecological condition. This was because most construction had
been concentrated in the middle region, which is the political,
economic, and cultural center of Jinan.

In 2006, the situation of land ecological security was better in
Jinan, and the main types were moderate and sub-secure
(Figure 4A). The levels of land ecological security varied from
different regions. More specifically, land ecological security in the
central regions (Lixia, Shizhong, Huaiyin, Tianqiao, and the
north of Licheng) was represented as severe and sensitive,
influenced by the high population density, high urbanization
rate, and almost full load of land carrying capacity. Land
ecological security was represented as secure and sub-secure in
the southern regions (the south of Licheng, Zhangqiu, and
Changqing) due to the regions’ status as the ecological
conservation area where the forests and water area were
widely distributed and human activities were very little. In the
middle and north of Jiyang and Zhangqiu, land ecological was
mainly represented as moderate and sensitive, which could be
because the development of secondary and tertiary industries led
to many human activities in the region, seriously interfering with
the ecological environment. The land ecological security was
represented as sensitive in the middle and west of Changqing
and the middle and north of Pingyin. In a word, the rapid
development in the region may cause a negative ecological
security situation.

In 2011, the overall land ecological security of Jinan worsened
(Figures 4B). The ecological security of the north exhibited a
mostly moderate pattern. In particular, the general ecological
security of Shanghe decreased. In contrast, the land ecological
security of Jiyang improved with fewer areas categorized as
sensitive or severe. Decision-makers in the Jiyang strengthened
controls on environmental governance, increased the
environmental protection investment, shut down heavily
polluting industries, and reduced carbon emission gradually to
improve the ecological condition. The land ecological security of

FIGURE 3 | Areas of land ecological security levels in Jinan from 2006
to 2016.
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the south also deteriorated. Specifically, the ecological effect in the
fringe of the area weakened with fewer areas classified as secure
and moderate. The land ecological security of the east also
deteriorated, with a wide occurrence of sensitive areas. The
ecological condition of the middle of Zhangqiu worsened
because of the rapid development of the secondary industries,
in conjunction with little environmental investment. Conversely,
the south of Zhangqiu was in a better ecological condition,
possessing more water area and woodlands. Furthermore, the
ecological condition of the west seriously declined due to the
rapid development of secondary and tertiary industries resulting
in a decrease of per capita cultivated land and increase of
transportation land.

In 2016, areas classified as Severe dropped in the middle region
of Jinan and were converted to Sensitive, especially in the north of
the Licheng (Figure 4C). This trend was also observed in the
Tianqiao and Shizhong. The overall ecological condition
improved as demonstrated by Shanghe. The area with land
ecological security represented as moderate in the middle
region changed distinctly and then converted into a
considerable proportion of sub-secure areas, which was due to
a rapid increase in environmental protection investment,
predominant development of the tertiary industry, and
allocating more resources for afforestation to improve
ecological security. The improvement of land ecological
security in the east of Jinan City was attributed to the
implementation of Zhangqiu’s policy of not sacrificing nature
reserves and reducing carbon emission. At the same time, the
strict management measures also improved land ecological
security in the south of Jinan. The areas characterized as
sensitive decreased by 87.78% and the areas characterized as
moderate increased in the west of Jinan.

Generally speaking, the spatial difference of land ecological
security in Jinan was obvious. The level of ecological security in
the central built-up area was low. In recent years, the areas with
land ecological security represented as severe continues to
increase, and the scope of increase is basically consistent with
the direction of urban expansion. Due to the underdevelopment
of the area, the southern ecological conservation area was of great
significance to maintain the ecological balance. As it is difficult to

recover from the damage, the area was a key area for
strengthening control. The situation of land ecological security
in Jiyang, northern Zhangqiu, and western Changqing was poor,
while it in the south of Shanghe and Pingyin was good.
Urbanization not only improved people’s living standards but
also caused the incomplete structure and irreversible function of
regional land ecosystem. Coordinating the relationship between
economic development and ecological protection, strengthening
the supervision of key ecological protection areas will significantly
improve the level of land ecological security in Jinan.

3.3 Exploration of Spatial Agglomeration
Characteristics
The weight matrix based on a spatial distance relationship was
established by employing the data from the evaluation results of
land ecological security in 2006, 2011, and 2016. Applying the
Global Moran’s index method, the Moran’s I index of the
comprehensive value of land ecological security of Jinan was
computed, after which the values were visualized in scatter plots.
In said plots, the X-axis represents the observational value
(i.e., standardization), and the Y-axis represents the weighted
mean of the values surrounding the observational value
(Figure 5).

The Moran’s I values of land ecological security were 0.879,
0.847, and 0.886 in 2006, 2011, and 2016, respectively, and its
statistical significance was tested via the Monte Carlo simulation
method. The result indicated a significant spatial autocorrelation
(p < 0.01), confirming a distinct global positive spatial correlation
within the land ecological security of Jinan, illustrating continuity
and dependency between the 1 km × 1 km grid cells. Regions with
similar land ecological security conditions tended to cluster
together. Moran’s I decreased from 2006 to 2011, indicating a
weakening correlation between the level of land ecological
security and spatial distribution, thus resulting in polarization
and stronger local autocorrelation. However, Moran’s I increased
from 2011 to 2016, and correlations strengthened once again.

Taken together, the spatial association was classified as
“High-High” (H-H) and “Low-Low” (L-L) for clusters of
similar grid cells, while “Low-High” (L-H) and “High-Low”

FIGURE 4 | Land ecological security of Jinan from 2006 to 2016. (A–C) represent the results in 2006, 2011 and 2016.
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(H-L) for clusters of dissimilar grid cells. The H-H
classification represents grid cells with values as high as the
surrounding cells. This type of grid cells was mainly observed
in the southeast of the Changqing district, the south of
Licheng district, the middle of Zhangqiu district, as well as
the southwest of Pinyin county (Figure 6). These observations
corresponded with the land ecological security conditions
discussed above, indicating that areas of high ecological
security conditions were often classified as H-H. From
2006 to 2016, the number of H-H areas in the south
Licheng district decreased consistently, and so did the
number of secure-level areas. It is mainly because of the
fast development of tourism, more and more human
activities increased the incidence of natural hazards, thus
resulting in a more vulnerable ecosystem. In contrast, the
number of H-H type areas increased in the Zhangqiu district
since 2011, which was consistent with improvements in
Zhangqiu district’s ecological condition. This was
attributed to the intervention of decisions makers, leading
to more resource allocation and attention to environmental
protection and sustainable economic development.

L-L type areas represent regions where the values were as low
as the surrounding ones. This type of grid cells was mainly
observed in Shizhong, Lixia, Huaiyin, Tianqiao, and the east of
the Licheng district. L-L type areas often corresponded with areas
of severe land ecological security condition. Changes could be
observed from 2006 to 2016. For instance, there was an inversion
in the number of L-L type areas from 2006 to 2011, after which a
large proportion of L-L type areas reemerged from 2011 to 2016.
Both trends were observed within the Jiyang district. H-L type
and L-H type areas represented a very small proportion of the
study area, mostly interspersed in the periphery of H-H type and
L-L type areas. Also, a large proportion of non-significant areas
was observed mostly in the Shanghe and Pinyin counties, and
most of the Zhangqiu district.

3.4 Identification of Influencing Factors
The spatial differentiation of land ecological security is affected by
many factors. For that reason, it is of great significance to identify the
main driving factors for the formulation of regional refine control
measures. The results were shown inTable 4. At the significance level
of 1%, the factor with q-statistic greater than 0.25 was selected as the

FIGURE 5 |Scatter plot of Global Moran’s index derived from Jinan’s land ecological security in different years. (A–C) represent the results in 2006, 2011 and 2016.

FIGURE 6 | Spatial correlation of land ecological security condition in different years. (A–C) represent the results in 2006, 2011 and 2016.
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dominant factor. Themain driving factors corresponding to different
time points are also changing. The main influencing factors in 2006
were the proportion of construction land and forest coverage. The
main factors in 2011 were the proportion of construction land,
economic density, agricultural economic added value, proportion
of tertiary industry, fertilizer application per unit of cultivated land,
and urbanization rate. The main factors in 2016 were the proportion
of construction land, carbon emissions per billion yuan of GDP, per
capita land reserve resources, agricultural economic value added,
urbanization rate, per capita cultivated land area, forest coverage,
population density, and pesticide application per unit of
cultivated land.

There is a great correlation between resource and environment
stress level and land ecological security. The increasing q value of
population density indicated that the influence of population on the
differentiation of land ecological security was increasing. In contrast,
the q value of natural population growth rate was decreasing, which
indicated that its influence was gradually weakening. Compared with
2006, the q value of chemical fertilizer and pesticide application per
unit cultivated land increased in 2016. Cultivated land played an
increasingly important role inmaintaining the structure and function
balance of the ecosystem. The change of population development
level also had a great impact on land ecological status. Especially in
recent years, the consumption of resources has been increasing for the
rapid increase of population in the central area of Jinan.

Ecological governance is of great significance to alleviate the
pressure of land ecological security and maintain the state of
ecological security. In the study periods, the q values of the
proportion of environmental protection investment in GDP were
0.100, 0.171, and 0.221, respectively. The q values of carbon
emissions per billion yuan GDP were 0.165, 0.249, and 0.330,

respectively. Their continuous growth indicated that the impact
of economic and industrial structure transformation on land
ecological security differentiation was increasing. Take Shanghe as
an example; its proportion of environmental protection investment
in GDP increased, and the level of land ecological security in the
region improved significantly. Compared with 2006, the q values of
ecological protection area, proportion of ecological afforestation
area, and effective irrigation area decreased in 2016, which
indicated that their impact on the spatial differentiation of land
ecological security was weakened.

The influence degree of resource endowment factors on the spatial
differentiation of land ecological security is different. The strongest
explanatory factor was forest coverage. The q values were 0.439,
0.231, and 0.288, respectively, which indicated that the impact of this
factor on land ecological security was weakened. The ecological status
of areas with high forest coverage, such as the south of Licheng and
the southeast of Changqing, was better.

The level of social and economic development has the strongest
explanation for the spatial differentiation of land ecological security.
During the study periods, the proportion of construction land had the
greatest impact on land ecological security and its q values were 0.560,
0.606, and 0.614, respectively. The expansion of construction land has
changed the structure of land cover and land ecosystem. The q values
of agricultural economic added value and urbanization rate increased
continuously, which showed that the explanatory power was
increasing. The q values of per capita GDP were 0.168, 0.229, and
0.125, respectively. The q values of the proportion of the tertiary
industry were 0.191, 0.260, and 0.180, respectively. The q values of
economic density were 0.213, 0.289, and 0.174, respectively. The
explanation degree of these three factors to spatial heterogeneity
showed the characteristics of first increasing and then decreasing.

TABLE 4 | Geographical detector factors of land ecological security in Jinan from 2006 to 2016.

Factor category Impact factors q (2006) q (2011) q (2016)

Stress level of resources and environment Population density 0.232 0.248 0.286
Natural population growth rate 0.230 0.200 0.171
Application amount of chemical fertilizer per unit land 0.076 0.258 0.084
Application amount of pesticide per unit land 0.127 0.117 0.255

Ecological governance efforts Proportion of environmental protection investment in GDP 0.100 0.171 0.221
Carbon emissions per billion yuan of GDP 0.165 0.249 0.330
Ecological protection area 0.127 0.098 0.104
Proportion of ecological afforestation area 0.222 0.168 0.173
Effective irrigation area 0.207 0.217 0.185

Resource endowment Forest coverage 0.439 0.231 0.288
Proportion of grassland area 0.001 0.100 0.157
Distribution of spring group 0.049 0.006 0.013
Specific gravity of saline alkali land 0.001 0.018 0.002
Proportion of water area 0.042 0.039 0.025
Grain yield per unit area 0.063 0.112 0.147
Per capita cultivated land area 0.213 0.246 0.290
Per capita land reserve resources 0.187 0.143 0.322

Social and economic development level Agricultural economic added value 0.224 0.287 0.321
Proportion of tertiary industry 0.191 0.260 0.180
Economic density 0.213 0.289 0.174
Proportion of construction land 0.560 0.606 0.614
Urbanization rate 0.213 0.251 0.294
Per capita GDP 0.168 0.229 0.125
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4 DISCUSSION

Land ecological security plays an important role in regional socio-
economic development and ecological environment protection.
The land ecological security level was evaluated and the
spatiotemporal differentiation was analyzed in Jinan from 2006
to 2016. Results showed that the land ecological security decreased
first and then increased, and the level was improved in 2016
compared with those in previous years. This finding was
consistent with many studies which the land ecological security
was also presented as an upward trend in general (Hu et al., 2019;
Yang et al., 2021). This is closely related to China’s recent emphasis
on ecological and environmental protection. Meanwhile, obvious
spatial differentiation of land ecological security within Jinan was
found in our study. In fact, land ecological security has also been
reported to show regional characteristics (Wen et al., 2021). Taking
Jinan as an example, to study its land ecological security is not only
conducive to the proposal of land optimization countermeasures
but also conducive to alleviate the land contradiction in Jinan and
improve the path of urban sustainable development. At the same
time, it also provides a practical reference for the research of other
cities.

The relationship between land ecological security and influencing
factors is very complicated (Feng et al., 2018). In our study, the social
and economic development, especially the construction land
proportion, was found to have more explanatory power on land
ecological security differentiation than other factors. Related studies
also indicated that human activities have significant impact on
regional land ecological security over natural factors (Yang et al.,
2020; Wen et al., 2021). In addition, the results of this study also
showed that the main driving factors were different at different time
points. In 2006, resource endowment and socio-economic
development level had the greatest impact on land ecological
security differentiation. In 2011, the level of social and economic
development restricted the improvement of land ecological security.
In 2016, the spatial differentiation of land ecological security was
largely explained by the intensity of ecological governance, the level of
population development and the level of social and economic
development. Therefore, only by formulating corresponding land
ecological security optimization schemes at different times can we
better serve urban sustainable development. Only by paying attention
to the image of human activities on land ecological security can we
realize the win-win situation of regional ecological protection and
economic and social development.

Based on the grid scale, the spatial and temporal distribution
pattern and driving factors of land ecological security in Jinan were
analyzed, which further detailed the characteristics of regional land
ecological security structure. However, due to the influence of data
acquisition, the index system constructed failed to consider the
regional ecological protection policy, public ecological cognition
level, and other factors. Meanwhile, it is necessary to continually
explore how to better realize the fusion of data at different scales,
especially the rasterization of social-economic data to improve the
research accuracy. In addition, although this study explored the
driving factors of urban land ecological security, it failed to consider
the interaction among the factors. These problems will be the
important direction of future research, and multi-methods could

be combined to better reveal the interactions between land ecological
security and influencing factors.

5 CONCLUSION

Taking the grid as the evaluation unit, this study analyzed the
spatiotemporal evolution characteristics and spatial
differentiation law of land ecological security of Jinan in
different years. The main conclusions are as follows:

(1) The level of land ecological security decreased first and then
gradually increased from 2006 to 2016 in Jinan. Among
them, the security level in the central region showed a
downward trend, and gradually improved in the southern
mountainous area.

(2) There was obvious heterogeneity of land ecological security
level in Jinan. The overall distribution pattern was “low in the
middle and high around.” The direction of urban expansion
was consistent with the low-level land ecological security.

(3) There was a distinct global spatial positive correlation within
the land ecological security. Roughly 15% of the surface of
Jinan had low-value agglomeration, whereas roughly 17%
exhibited high-value agglomeration. In addition, distribution
patterns matched spatial agglomeration characteristics.

(4) There were differences in the driving factors of spatial
differentiation of land ecological security in Jinan.
Generally, the explanatory power of the level of social and
economic development on the spatial differentiation of land
ecological security was higher than other factors. Among
them, the construction land proportion had the strongest
explanatory power. Urban development should try to avoid
occupying areas with high level of land ecological security.
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Grassland is the largest terrestrial ecosystem in China, and its ecological environment is
currently facing several challenges. The service assessment of scientific and effective
grassland ecosystem and in-depth analysis of its change mechanism is of great
significance to clarify its protection demand and spatial optimization layout. This study
used a set of quantitative surrogate biophysical indicators to evaluate the capability of
grassland ecosystem services (i.e., carbon fixation, soil protection, water purification
and provision, and biodiversity conservation) in the Hulunbuir grassland from 2000
to 2015 and use econometric models to explore their dynamic change mechanism.
The results showed that from 2009 to 2012, the grassland ecosystem service value
significantly declined, and from 2013 to 2015, its value significantly improved, but
the overall level was still lower than that of 2000. The factor that has the highest
degree of impact on grassland ecosystem services is the soil potassium content, and
there is a significant positive correlation. This is mainly due to the important role of
potassium in the photosynthesis of grassland plants; the least influential factors are
social economic factors such as population and gross domestic product (GDP). It shows
that the sparsely populated grassland ecosystem is not sensitive to these factors. In
addition, climate, topography, and grassland management policies all have a significant
impact on grassland ecosystem services. Against the backdrop of intensified pressure
on ecological grassland protection and surging market demand for livestock products
based on grassland resource input, the sustainable development of grassland areas
needs to improve the supply capacity of grassland while ensuring its ecological security,
so as to realize a win-win situation for its ecological and production functions.

Keywords: ecosystem services, spatial distribution, driving mechanism, Hulunbuir, grassland

INTRODUCTION

With population growth and economic and social development, the human use and transformation
of Earth surface ecosystems have reached unprecedented levels, with net primary productivity
taking up more than 20% of the net primary productivity of the global ecosystem; however,
this expression is highly heterogeneous, with some areas reaching even more than 60%
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(Zhang et al., 2017). Human interference and utilization have
exerted profound impacts on the natural ecosystem, leading to
ecological environment degradation, which is mainly manifested
in, for example, reductions in biodiversity and productivity,
desertification, soil and nutrient loss, and water pollution (Liebig
et al., 2010; Castellani et al., 2017; Wang et al., 2019; Zhao
et al., 2019). Continuous ecosystem supply is an important
guarantee for the sustainable development of human society,
mainly in the form of ecosystem services (ESs). Ecosystems and
ESs, in the process of material and energy flow forming and
maintaining human survival in the ecosystem, depending on the
natural environment and utility for input to the social economic
system through useful material and energy (e.g., products) and
as a necessary environment for human survival conditions
(e.g., improving the environment and water and biodiversity
conservation) (Daily, 1997; Reid et al., 2005; Zagonari, 2016).
The quantitative assessment of ESs is not only an important
basis for supporting decisions for the rational utilization of
regional resources, ecological protection, and sustainable social
and economic development but also an important index for
investigating the supply capacity of ecosystems and identifying
the status quo of their ecological functions and production
functions (Burkhard et al., 2013; Woodruff and Bendor, 2016).
As the largest terrestrial ecosystem in China, grassland accounts
for over 40% of the total land area species, which is an important
part of the national green ecological barrier and ecological
security. An ecological function is always the first function of
grassland; the protection of the ecological grassland security
is also a key task of the implementation of the 18th National
Congress of the Communist Party of China to vigorously
promote the construction of ecological civilization, and as an
important part of the life community of “mountains, rivers,
forests, fields, lakes, and grasses”; the grassland ecosystem plays
an increasingly important role in maintaining the national
ecological security. For example, in terms of water conservation,
grassland occupies nearly 40% of water conservation function
areas in China (Wang et al., 2017). The water conservation
capacity of grassland is 40–100 times that of cultivated land
and 0.5–3 times that of forest land. The water conservation
capacity of grassland is 58.5% higher than that of forest land
for runoff retention and 88.5% higher than that of forest land
for sediment reduction. In terms of carbon fixation, grassland,
as an important carbon-storing terrestrial vegetation ecosystem,
is a huge carbon reservoir in China. Most of the carbon storage
of grassland ecology is concentrated in the underground roots
and soil of the grassland, and the carbon storage of grassland
accounts for 17% of the national land carbon storage (Fang
et al., 2010; Deng et al., 2017). Giving full play to the carbon
storage function of grassland is of great significance for China’s
independent emission-reduction program and maintaining the
carbon balance of the natural system. In addition, grassland
plays an important role in windbreak and sand fixation, soil
and water conservation, biodiversity, and carbon fixation. In
this context, the scientific and effective assessment of ES
was carried out for the grassland ecosystem, and its change
mechanism was analyzed in depth. It is of great significance
to clarify the needs of grassland protection, optimize the

spatial layout, and realize the harmonious development between
humans and nature.

Currently, the ES assessment mainly comprises three types of
methods, namely, the benefit transfer, model, and quantitative
index methods. Among these, the benefit transfer method was
derived from Costanza et al. (1997), and it is mainly based on
research of various types of land area and per unit area ES values
or the product of the physical-quality parameters of the various
types of ESs (Plummer, 2009). Benefit transfer, although less
demanding in terms of data amounts and simpler, has higher
corresponding uncertainty results and a lack of a solid scientific
foundation and was thus put into question (Eigenbrod et al.,
2010; Koschke et al., 2012). The model method is based on ESs
provided by the ecological and social economic foundation of the
development of the comprehensive evaluation method; among
them, the InVEST and ARIES models are the most widely used
(Daily et al., 2009). Although the model method to evaluate ESs
value is, in theory, the most complete, data demand is higher,
and it is often difficult for it to fully obtain the desired results
in practice. The quantitative index is based on laws of the ecology
principle for different ESs, and the corresponding algorithm is
briefly formulated to define its value. This method focuses on
the space unit and the practicability and accuracy of ESs. In
practice, both the feasibility and accuracy of the operation results
are high, this method thus having more extensive applications
(Carreño et al., 2012). On this basis, this study used a set
of quantitative surrogate biophysical indicators to evaluate the
capability of grassland ESs in the Hulunbuir grassland in 2001–
2015, considering that the grassland ecosystem has more natural
attributes, and the framework of the grassland ecological service
established in this study mainly includes carbon fixation, soil
protection, water purification and provision, and biodiversity
conservation. This method takes into account the operability and
accuracy of the evaluation of ESs, and at the same time, combines
the econometric model to explore its change mechanism and
provides decision support for the management of the ecological
environment of the grassland area.

The rest of this article is organized as follows: First, the
research area is introduced in section “Study Area.” Then, in
section “Data and Methodology,” we focused on the methodology
and data sources. In section “Results,” we further reported and
analyzed the estimated results and the factors affecting ESs.
Finally, in section “Conclusion and Discussion,” we provided the
discussion and conclusions of this article.

STUDY AREA

The Hulunbuir grassland is located northwest of Hulunbuir,
Inner Mongolia Autonomous Region, and it is one of the four
major grasslands of the world. It has a coverage of 100,000 km2

and is mainly divided into six types, namely, mountain meadow,
mountain meadow grassland, hill meadow grassland, plain hill
arid grassland, sandy vegetation grassland, and lowland meadow
grassland. There are over 3,000 rivers, over 500 lakes, over
1,600 plant species, over 500 animal species, over 30 million
mu of arable land, and over 18 million livestock (e.g., horse

Frontiers in Ecology and Evolution | www.frontiersin.org 2 February 2022 | Volume 10 | Article 84194338

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-10-841943 February 7, 2022 Time: 15:44 # 3

Li et al. Assessment of Grassland Ecosystem Services

and pieces). However, in recent years, 66% of all pastures
have degraded, which were manifested as three lows and one
imbalance (i.e., low productivity, low coverage, low proportion of
high-quality forage, and ecological and production dysfunction);
industrial development is in urgent need for transformation and
upgrading. Research on the grassland is correspondingly typical
and representative. Therefore, based on assessing the grassland
ES function and exploring its change mechanism, the Hulunbuir
grassland was chosen as the study area in this study, which mainly
includes five counties of Hulunbuir, namely, Xin Barag Right, Xin
Barag Left, Prairie Chenbarhu, Hailar, and Ewenki Autonomous;
the research in this region provide decision support for eco-
environmental management in grassland regions (Figure 1).

DATA AND METHODOLOGY

Data
The data used in this research mainly come from the Resource
Environment and Science Data Center1. In this study, we selected
MOD17A2 data from MODIS product data, which have provided
1 km spatial resolution around the global land surface since 2000
and can be downloaded for free from http://www.ntsg.umt.edu/.
MOD17A2 data are based on the net primary production (NPP)
estimation model built by means of the Biome Biochemical
Model (BIOME-BGC) model and a light-utilization model (Zhao
and Running, 2010). According to research needs, this study
extracted the data of MOD17A2 products of two tiles (i.e.,
h25v05 and h26v05) from 2000 to 2015 covering the Hulunbuir
grassland with a spatial resolution of 1 km. On the basis of
the MODIS Reprojection Tool (MRT) and the Cygwin platform,
MODIS data were extracted and assembled. NPP source data
in the Hierarchical Data Format (HDF) were converted into
the GeoTIFF format, and the final image based on Python was
converted and cropped. In addition, the data of the land-use
raster component come from the Chinese Academy of Sciences
(2000, 2005, 2010, 2015). Taking into account the time availability
of parameter data in the evaluation of influencing factors in this
study, the time range of this study is set to 2000–2015.

Methodology
Assessment of Grassland Ecosystem Services
In this study, grassland ES capacity was investigated, and its
change mechanism is deeply explored mainly on the basis
of the quantitative index method (Figure 2), based on the
ecological principles and laws of different ESs, a quantitative
index system is established, and economic analysis methods
of multiple regression models are introduced to determine the
important factors that affect ESs. These studies are based on the
assumption that the capacity of an ES is directly related to the
amount of biology covering Earth. The NPP of the grassland was
taken as the index of the amount of biology and production,
and the evaluation system of ESs was constructed. Through the
measuring method, NPP was transformed into the equivalent of
the ESs on a raster scale of 1 km × 1 km and was spatialized

1https://www.resdc.cn/

by using ArcGIS software. The selection of the index refers to
previous studies (Barral and Oscar, 2012; Carreño et al., 2012;
Zhang et al., 2017).

Furthermore, the process of variable determination is shown
as follows:

(1) Net primary production (NPP).
Net primary production refers to the total amount of organic

matter accumulated by photosynthesis per unit area per unit
time in green plants after deducting autotrophic respiration. It
can represent well the capacity of grassland biomass and original
production, and the production and accumulation process within
the ecosystem can also influence the formation and balance of
ESs. In existing research, NPP estimation methods mainly include
site-based actual observation, traditional climate statistical
models, remote-sensing-based eco-physiological process models,
and light-utilization models. As remote-sensing and geographic
information systems are constantly being developed and applied,
the NPP estimation model based on remote-sensing information
is important to study the NPP.

(2) NPP coefficient of variation (VCNPP).
VCNPP represents the annual variation of NPP, which can be

calculated by using the ENVI5.0 software.
(3) Soil erodibility factor (K).
K is the soil erosion factor that can be calculated through the

model of the erosion-productivity impact calculator (EPIC) from
the study by Vadas et al. (2006):

K =
{

0.2+ 0.3e
[
−0.0256Sa

(
1 Si

100
)]} ( Si

C+Si

)0.3{
1.0− 0.25C

C+e(3.72+2,95c)

}
{

1.0−
0.7(1− Sa

100 )

(1− Sa
100 )+ e(−5.51+22.91− Sa

100 )

}

where Sa, Si, Sl, and c represent the percentages of sand, clay, silt,
and organic matter in the soil.

(4) Slope (Fslo).
This is specifically located in the spatial analysis module of

the ArcGIS 10.2 software by means of 1:250,000 digital elevation
model (DEM) image data provided by the Chinese Academy of
Sciences (grid size was 1 km × 1 km, the numbers of rows and
columns of each image were 1,201 × 1,801, and all maps were
rectangles with the same size). Slope data could be obtained by
merging the grids, transforming the projections, and dividing the
watershed boundaries for DEM maps.

(5) Coefficient of soil permeability (Fsic).
Fsic is the coefficient of soil permeability, and 13 species

of soil series were divided by the United States Department
of Agriculture based on the soil texture. According to the
subsequence of soil particle classification [in ascending sequence:
clay (heavy), silty clay, clay, silty clay loam, clay loam, silt, silty
loam, sandy clay, loam, sandy clay, sandy loam, loam sand, and
sand], Fsic was assigned to 1/13, 2/13, 3/13, . . ., 1.

(6) Precipitation (Fpre) and air temperature (Ftem).
Fpre and Ftem represent the precipitation and air temperature,

respectively. Specifically, in the geostatistical analysis module
using the ArcGIS 10.2 software, the grid dataset of precipitation
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FIGURE 1 | Location of the study area.

and temperature can be obtained by spatial interpolation on the
basis of daily observational data from the China Meteorological
Data Network. The spatial resolution was 1 km.

(7) Surface roughness (D).
D is surface roughness, which can be calculated by

D = 1/cos(θ), in which θ is the slope of the radian. Both D and
θ could be calculated in the spatial analysis module using the
ArcGIS 10.2 software on the basis of DEM data.

Since all variables were normalized to the difference between
the maximal and minimal values between 2000 and 2015, they all
changed ranging from 0 to 1. Total ESs are the sum of all ESs, and
results are dimensionless data.

Analysis of the Driving Mechanism
To deeply explore the change mechanism of grassland ESs, we
introduced a multiple regression model used in the economic
analysis, and the key indicators were determined on the basis of
relevant research, which is shown as:

ESit = β0+ β1slopeit + β2temit + β3preit + β4sunit

+β5d2waterit + β6d2highwit + β7soil_nit + β8soil_pit

+β9soil_kit + β10unitpopit + β11unitgdpit + β12gfgit + εit

where ESit represents the total amount of grassland ESs on grid
units in each period; slope represents the slope; tem represents

the annual average temperature; pre represents the annual
precipitation; sun represents the sunshine time; d2water means
the distance from a water source; d2highw is the distance from
an expressway; soil_n represents the amount of nitrogen (N)
in soil; soil_p represents the amount of phosphorus (P) in soil;
soil_k represents the amount of the potassium (K) in soil; unitpop
represents the population density; unitgdp represents the gross
domestic product (GDP) density; rfg represents the policy of
decaying farmland to grassland; i represents the basic analysis
unit; and t represents the year.

RESULTS

Net Primary Production Changes
According to data of the Hulunbuir grassland NPP from 2000
to 2015, extracted on the basis of the MOD17A2 product, the
major years are shown in Figure 3. NPP saw a trend of partial
improvement and overall deterioration after 2000. The decline in
NPP was mainly concentrated in the areas bordering East and
West Piedmont and the plain of Greater Khingan, which showed
degradation from forest steppes to meadow grassland and desert
grassland; the ecological restoration level of the western border
with Mongolia is weak, and the value of NPP is generally below
200. NPP in 2015 was also lower than that in 2000, but still better
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FIGURE 2 | The changing mechanism of grassland ecosystem services.

than in 2005 and 2010. Overall, the ecological security of the
Hulunbuir grassland is still greatly threatened.

Changes in Grassland Ecosystem
Services
From NPP data from 2000 to 2015, dynamic changes in
grassland ESs in Hulunbuir from 2000 to 2015 were obtained
by combining the evaluation index and calculation method in
Figure 2. By calculating the average value and sum of the
four ES types of carbon fixation, namely, carbon fixation, soil
protection, water purification and provision, and biodiversity
conservation in Hulunbuir from 2000 to 2015 (dimensionless
data), it is found that the carbon fixation ability of the

study area is relatively outstanding, accounting for about
half of the overall ESs. Correspondingly, the two ESs of
water conservation and biodiversity protection are relatively
weak; from the perspective of time evolution, the ES level
of Hulunbuir grassland has shown a clear downward trend,
and related ecological improvement work urgently needs to be
strengthened (Figure 4).

The various ESs are displayed in a more detailed and intuitive
view of the time trend change graph. The grassland ES indicators
generally show a slow undulating upward trend from 2000
to 2009 and show a rapid decline in 2010–2015 and a trend
of later recovery. The changing trend of the overall ESs of
each index is basically the same; especially, from 2009 to 2013,
the downward trend is more obvious. During this period, the
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FIGURE 3 | NPP changes in 2000–2015.

FIGURE 4 | The changing trend of Hulunbuir ecosystem service from 2000 to 2015.

grassland ecological environment deteriorated, and the grassland
ecological supply capacity was significantly weakened; in 2008,
the level of Hulunbuir ES reached the highest value of 601.97,
and it fell to the lowest value of 222.42 in 2013. The main
reason behind this was the natural and extensive management

of grassland resources during 2010–2013, which caused serious
degradation of pastures.

To visualize the ESs of the main years in the time series,
refer to Figure 5. We could find that the spatial distribution of
each ES type is similar, but the spatial distribution of different

Frontiers in Ecology and Evolution | www.frontiersin.org 6 February 2022 | Volume 10 | Article 84194342

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-10-841943 February 7, 2022 Time: 15:44 # 7

Li et al. Assessment of Grassland Ecosystem Services

FIGURE 5 | Spatial distributions of ecosystem services in 2000–2015.

ESs has some differences. From the perspective of the time
change, the value of ESs in each time period is in a state of
concentrated distribution of early extreme values and an even
distribution in the later period. The value of carbon fixation is
generally higher in the west than in the east, and as time evolves,
the distribution of values is more even; while the value of soil
conservation is generally higher in the east than in the west, the
spatial distribution of water conservation values is more even,
but the western value is relatively high; biodiversity protection
from the concentrated distribution of the extreme value of ESs
in the northern region in 2000 to a low value in 2015 showed a
difference between east and west.

In general, the spatial and temporal changes in the Hulunbuir
grassland area have experienced the concentrated distribution of
higher ESs in the northwestern region and gradually eased the
uniform distribution changes in the eastern region. This is mainly
due to the ecological restoration work in recent years.

Analysis of the Driving Mechanism
Analysis results of the driving mechanisms on changes in
grassland ESs in Hulunbuir are shown in Table 1. The results
showed that the model passed the 1% significance test, which
indicated that the overall fitting is better. Among natural
environmental factors, slope, temperature, annual precipitation,

and lighting time all passed the 1% significance test, which
showed that the above variables could affect changes in grassland
ESs. The coefficient of variables shows that temperature variables
have a smaller influence on grassland ESs mainly because the
temperature is a stable and less dynamic factor and does not
greatly change within a short amount of time. The coefficient
of the precipitation variable was significantly positive, which
indicated that precipitation has a significant positive effect on
the growth of grassland vegetation and the increase in grassland
ESs. The coefficient of the slope variable was negative, which
shows that the higher the slope is, the worse the growth of
grassland vegetation is; the smoother the slope is, the better
the growth of grassland vegetation is. The coefficient of the
sunshine time variable was also negative, indicating that, when
sunshine time exceeds a certain limit, the heat flux of the
soil, transformed by the absorbing solar shortwave radiation,
accelerates the evaporation of soil moisture, which is unfavorable
to the growth of grassland vegetation. The research by Hu et al.
(2019) obtained a similar conclusion.

Among topographical factors, the distance from a water
source was significantly positive, indicating that it is an
important factor in explaining grassland ESs. Water sources
are an important factor for grassland growth. As the distance
to a water source increases, the more fragile the grassland
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TABLE 1 | Results of panel model regression.

Driving factor Coefficient Standard error t Value P > | t| 95%

slope 0.118*** 0.001 −96.79 0.000 [–0.121, –0.116]

tem 0.007*** 0.000 17.52 0.000 [0.006, 0.007]

pre 0.132*** 0.003 43.05 0.000 [0.126, 0.138]

sun 0.354*** 0.007 −51.42 0.000 [–0.368, –0.341]

d2 water 0.729*** 0.004 176.96 0.000 [0.720, 0.737]

d2 highw 0.068*** 0.002 −34.02 0.000 [–0.072, –0.064]

soil_n 1.632*** 0.004 −373.22 0.000 [–1.640, –1.624]

soil_p 0.470*** 0.005 −104.65 0.000 [–0.480, –0.461]

soil_k 2.749*** 0.009 319.03 0.000 [2.733, 2.767]

unitpop 0.002*** 0.000 −37.90 0.000 [–0.002, -0.003]

unitgdp 0.001 0.000 1.17 0.242 [0.000, 0.001]

rfg 0.369*** 0.001 −274.21 0.000 [–0.371, –0.366]

Constant 0.213*** 0.001 53.42 0.000 [0.204, 0.220]

Prob > Fstatistic 0.000

*** indicate the significance test of 10, 5, and 1%, respectively.

ecosystem becomes, and the worse the grassland growth is.
The distance from expressways and grass area per unit area is
negatively affected, and this variable represents the degree to
which grassland is disturbed by human activities. The nearer an
expressway is, the more disturbed the grassland is by human
activities, the worse the environment of grassland vegetation
growth is, and the smaller the unit area of grassland is.

Among soil attribute factors, N, P, and K variables all passed
the 1% significance test, in which the K variable had a significant
positive effect on the growth of grassland ESs, while the N
variable and P variable have an obvious negative influence.
Related studies also showed that K is involved in the activation
of over 60 enzyme systems, photosynthesis, the transportation
of assimilation products, carbohydrate metabolism, and protein
synthesis in the process of plant growth and development.
Therefore, lodging, drought, and disease resistance can be
improved, especially since the effect of the K fertilizer on the
growth of leguminous forage is obvious (Read and Pratt, 2012).

Among social economic factors, the variable of GDP density
could not explain the changes in grassland ES well. Although
the variable of population density passed the significance test,
the coefficient showed that it has a slightly negative effect on
grassland ESs. As the population grows, urbanization deepens,
rural populations shift to the cities, and the expansion of urban
areas inevitably attacks the grassland ecosystem.

Among policy factors, analysis results showed that the policy
of returning farmland to grassland has a negative effect on
grassland ESs, which indicated that policy implementation has
not played an expected role in the improving of the grassland
ecological environment. Although we only took the policy of
returning grazing to grassland as representative in this study,
this variable passed a significant test, indicating that there is a
strong correlation between the grassland ecological protection
policy and the grassland ecological environment. Relevant
studies also showed that the implementation of policies such
as “grazing ban and conservation for purpose” and “returning
grazing to grassland” has played a role in alleviating ecological

pressure on natural grassland. However, the economic functions
of the grassland system are neglected, which constrained the
development of animal husbandry and the improvement of living
standards of people to a certain extent. Illegal grazing is still
prohibited, overgrazing is not fundamentally contained, and the
resettlement program of ecological migration is not yet perfected,
inflicting more poverty on people of herds. After the country
has implemented ecological compensation, the current herdsmen
who mainly rely on animal husbandry production, only rely
on compensation to broaden their employment channels, and
it will take a longer time to achieve the purpose of changing
their lifestyles. However, relevant national policies are of great
significance for enhancing the vitality of the regional economy
and mobilizing the enthusiasm of farmers and herdsmen for
production. In the process of implementing the policy, there
have been some problems, such as quadratic disequilibrium in
the process of policy resource distribution, a lack of effective
supervision of the compensation fund, and the contradiction
between ecological and economic benefits and between ecological
welfare and benefits. Although the essence of implementing a
grass-livestock balance policy is to ease the contradiction between
ecological and productive functions, there are problems with
implementing ecological protection and construction projects
that make it difficult to form specific and feasible effective
programs. Partial problems exist: there is no organic integration
with innovations in the development model of grassland in
pastoral areas, and there is a lack of balance between ecological
and economic functions; clarifying and solving these problems is
the next main task.

CONCLUSION AND DISCUSSION

This study used a set of quantitative surrogate biophysical
indicators to evaluate the capability of grassland ESs (i.e.,
carbon fixation, soil protection, water purification and provision,
and biodiversity conservation) in the Hulunbuir grassland in
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2000–2015. This was connected with the econometric model,
location, and land use from the natural environment, terrain,
soil properties, and policy aspects of in-depth analysis on
its change mechanism, basically leading to the following
conclusion: grassland ES assessment results showed that, in
2009–2012, each downward trend of the ES index was
more obvious; in 2013 and 2015, indicators K improved
but were still below the 2000 level overall. The K content
of the soil is an important factor affecting ESs and needs
to be focused on in future grassland conservation. Social
and economic factors such as population and GDP have a
relatively small impact on grassland ecosystems with natural
attributes, but the intensity of grassland grazing also needs
to be considered to prevent the degradation of grassland
ecosystem functions caused by overgrazing. In addition, climatic,
topographic, soil, socioeconomic, and grassland-management
policies all have a significant impact on grassland ESs.
Among them, factors such as increased precipitation, distance
from water sources, and potash use all play a positive
role in improving grassland ESs. In recent years, in the
view of the prairie regions of worsening of the ecological
environment, the continuous reduction in grassland area,
and grassland quality problems such as decreasing area,
the state has carried out many ecological protection and
construction projects for the implementation of a series of
policies for the protection of grassland ecology. However,
the grassland area is shrinking, and the grassland ecological
deterioration trend is not fundamentally curbed, and the
ecological protection policy did not achieve the desired effect
and partly inhibits the growth of the regional economy,
so it is difficult to improve the people’s living standards
with the contradiction between the ecological protection and
economic growth.

Since 2003, China’s grain output has been on the rise and
increased for the 12th year in 2015, which is of great positive
significance to ensuring Chinese self-sufficiency in grain rations
and maintaining food security (Wang et al., 2018). For nearly
10 years, China has imported beef and mutton, liquid milk,
and milk powder almost every year; its self-sufficiency grain
rate dropping is a serious threat to national food security
(Huang et al., 2017). On the other hand, due to domestic
food not matching actual market demand, it is much less
popular than imported food. Due to the grain-production
inventory overload, autumn grain purchases at the end of
2015, China’s three major staple food stocks were recorded
high; in the agricultural-product market, excessive food products
exist between the supply of and higher demand for animal
food products. Meanwhile, China imported more than 100
million tons of grain in 2015. Under the impact of the high
national grain-production inventory and the continuous increase
in imported grain, the purchase price of grain in China has
dropped to different degrees, and the income of growing grain
has decreased. In addition, due to the backward agricultural
production mode in China, an increase in the grain yield
can only rely on the extensive resource input, including the
massive consumption of water resources, and the extensive
use of fertilizers and pesticides, which have caused a series

of environmental problems and made it difficult to achieve
sustainable development.

The main reason for problems of agricultural structures
in China, such as the structures of grain production
and consumption not matching, extensive resources, the
unreasonable layout of agricultural production, and agricultural
industry proportion coordination, is that agricultural production
equal to “production” has yet to change its traditional thinking,
backward agricultural production mode, and has not been paying
enough attention to grassland productivity. In grassland areas,
the contradiction between ecology and production function
produces the contradiction of supply and demand on the market,
so it is required to adjust agricultural structures and modes of
production while protecting grassland ecological security to
achieve the optimal allocation of grassland resources, reasonably
and fully utilizing the grass production function, and improving
the supply of high-quality animal products on the market.
All these in order to meet the growing demand of people for
a better life, speed up the development of the grass industry
and improve the level of pastoral life and the vitality of the
regional economic development, so as to realize the sustainable
development of grassland areas. In 2015, Central File No. 1,
for the first time, put forward speeding up the development of
grass-based livestock husbandry in combination with support
grass planting, and feeding is combined with planting and raising
modes to promote the combination of grain, cash crops, the
coordinated development of grass ternary planting structures,
and the protection of grassland to realize a win-win of ecological
and economic benefits.
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Spatial Analysis of Agricultural
Eco-Efficiency and High-Quality
Development in China
Guofeng Wang*, Lingchen Mi, Jinmiao Hu and Ziyu Qian

Faculty of International Trade, Shanxi University of Finance and Economics, Taiyuan, China

High-quality development has become a new requirement for China’s social and economic
development. As an important industry related to the national economy and people’s
livelihood, achieving high-quality development in agriculture has become the most urgent
task currently facing agriculture. This study focuses on agricultural eco-efficiency to
indicate spatial distribution of high-quality development based on agricultural
input–output data from 2001 to 2019 and the SBM-Undesired model; this study
focuses on Agricultural Eco-efficiency, a key indicator related to the high-quality
development of agriculture, to measure the temporal and spatial evolution of
Agricultural Eco-efficiency. The results show that the Agricultural Eco-efficiency has
increased from 0.363 in 2001 to 0.818 in 2019, with a growth rate of 125.34%, and
the provinces with higher agricultural eco-efficiency are mainly located in the eastern
regions. In addition, there is a U-shaped change trend between Agricultural Eco-efficiency
and the total output value of agriculture, forestry, animal husbandry, and fishery. In other
words, the provinces with the total output value of agriculture, forestry, animal husbandry,
and fishery in the low range and high range enjoy higher Agricultural Eco-efficiency.
Compared with the eastern region, the middle reaches of Yellow River and middle reaches
of Yangtze River have great potential to reduce carbon emissions. In order to achieve high-
quality agricultural development, it is necessary to pay attention to key indicators for
improving Agricultural Eco-efficiency, and the technology development of the central and
western regions will be very useful to decrease the gap.

Keywords: agricultural eco-efficiency, high-quality development, spatial analysis, carbon emission, carbon
neutrality

INTRODUCTION

In 2021, the COP 26 UNClimate Change Conference in Glasgow highlighted a crucial time mode for
mankind’s positive actions and explained that the next 10 years will be a crucial last window. If we do
not take positive actions in time, humans and the Earth will face unimaginable natural disasters, such
as sea level rise and biological extinction. Global warming of 2°C will have a wide-ranging and serious
impact on humans and nature (Liu, 2019). One-third of the world’s population will be regularly
exposed to severe high temperatures, thus causing health problems and increasing death rates related
to high temperatures. In addition, almost all warm water coral reefs will be destroyed, and Arctic sea
ice will completely melt at least one summer every 10 years, generating devastating effects on the
wildlife and communities they support. The latest “Emissions Gap Report” released by the United
Nations Environment Program (UNEP) shows that despite the global climate ambitions and “net
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zero” commitments, the total amount of fossil fuels that countries
plan to produce in 2030 is still more than double the amount of
fossil fuels that are required to achieve the 1.5°C temperature
control target of the Paris Agreement. The fossil fuels that
governments around the world plan to produce in 2030 are
about 110% higher than the production level required to
achieve the global 1.5°C temperature control target and 45%
higher than the production level required to achieve the 2°C
temperature control target. Compared with the previous
assessment, this production gap remains basically unchanged
(Ji and Hoti, 2021).

Agriculture is one of the most sensitive fields affected by
climate change (Elahi et al., 2021a), and climate change may
cause China’s agriculture to be more vulnerable. In addition to
carbon dioxide, agricultural production also causes a large
amount of methane and nitrous oxide emissions (Chen et al.,
2020). In comparison with carbon dioxide, the two greenhouse
gases methane and nitrous oxide are 20 and 310 times more
capable of causing global warming than carbon dioxide,
respectively. Agriculture is facing pressures and major
challenges to alleviate and adapt to climate change and feed
the huge population around the globe (Zhao et al., 2017; Abid
et al., 2019; Van et al., 2019). The promotion of sustainable
agriculture is an important means to adapt to climate change,
reduce greenhouse gas emissions in agriculture, and alleviate the
problem of deforestation caused by food demand (Han et al.,
2018).

The ecological development of the agricultural industry is
an important feature of achieving green and sustainable
development of agriculture. The ecologicalization of the
agricultural industry requires integrating the development
of primary, secondary, and tertiary industries of agriculture,
making full use of resources, and coordinating the relationship
between economy, society, and ecology (Chen et al., 2021).
Among them, the realization of ecological development of the
agricultural primary industry is the key to achievement of
ecological development of the entire agricultural industry.
Agricultural eco-efficiency is not only the core indicator of
green development of agriculture but also one of the important
measures to fulfill agricultural modernization (Pang et al.,
2016; Elahi et al., 2019a; Elahi et al., 2020). Sustainable
Development Goals (SDGs) consider no poverty, zero
hunger, and good health and wellbeing as the first three
goals for achieving sustainable development, which shows
the significance of realizing the three goals for human
development; the sustainable development of agriculture is
the key to achieve the three goals (Balezentis et al., 2016). From
the perspective of global agricultural development, all
countries have entered into comprehensive agricultural
modernization with mechanization, improved varieties,
chemistry, electrification, and informationization as the
main content. Circular agriculture and low-carbon
agriculture have become crucial methods to achieve
sustainable agricultural development (Czyzewski et al.,
2021). On the one hand, various countries have developed a
variety of circular agriculture models, including material reuse
models, resource reduction models, and waste utilization

models (Elahi et al., 2019b). On the other hand, low-carbon
agriculture mainly achieves low-carbon development goals
through rational use of chemical fertilizers, water-saving
irrigation, and energy-saving farming (Ke et al., 2012). With
the tightening of resource environment constraints,
agriculture in various countries around the world is moving
toward green transformation, and China is no exception. In
2015, China formulated the “Zero Growth Action Plan of
Chemical Fertilizer and Pesticide by 2020,” implementing
the policy of “one control, two reduction” on chemical
fertilizer use (Qu et al., 2021). According to the data from
the Ministry of Agriculture and Rural Affairs of People’s
Republic of China, the action of zero increase in the use of
chemical fertilizers and pesticides since 2015 has achieved
initial results. By the end of 2020, the reduction and
efficiency enhancement of chemical fertilizers and pesticides
have successfully helped achieve the expected goals. The
chemical fertilizer utilization rate of the three staple crops
of rice, wheat, and corn was 40.1%, which increased by 5
percentage points from 2015 (Bai and Tao, 2017). However,
the further realization of green development is a challenge
facing China’s agriculture (Deng and Gibson, 2019).

Through analyzing the relationship between agricultural eco-
efficiency and industrial green development, this study will
propose a spatial heterogenous scheme of agricultural
industrial green development.

This study is organized as follows: Literature Review consists
of the literature review, Methodology and Data consists of
methodology and data, Results and Discussion explains the
results and discussion, and the final Policy Implications
explains the policy implication.

Literature Review
The efficiency theory focuses on analyzing the conflict between
the effectiveness of resources and infinity of human desires.
“Pareto efficiency” is the earliest and widely recognized theory
of resource utilization efficiency in economics (Charnes et al.,
1978) “The New Palgrave Dictionary of Economics” states that
the efficiency refers to the efficiency of resource utilization;
subsequently, Samuelson and Nordhaus pointed out that
efficiency means that there is no waste. When there is a state
in which society has to increase the output of a certain product at
the cost of damaging or reducing the output of another product,
then such production is effective, and the indicated efficiency is
the “optimal” state of the described resource usage. However,
with the development of economic research theory and
development practice, the concept of “efficiency” has not been
an exactly unified definition. Although “Pareto efficiency” can
show the possibility boundary of realizing effective allocation of
resources, it cannot identify different distributions between actual
and effective allocation of resources and cannot provide a feasible
expansion path. Therefore, most scholars use the concept of
reflecting resource utilization and allocation to study efficiency
when using the concept of efficiency, and this connotation has
gradually been recognized (Coelli and Rao, 2012). At this time,
efficiency research not only reflects the actual use and allocation
of resources but also maps the “optimal” state of resource

Frontiers in Environmental Science | www.frontiersin.org March 2022 | Volume 10 | Article 8477192

Wang et al. Agricultural Eco-Efficiency and High Quality

48

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


utilization. Based on the different emphasis of investigating
resource utilization, efficiency is divided into two parts:
utilization efficiency and production efficiency (Zeng et al.,
2020). Therefore, the general meaning of efficiency refers to
the ratio of the relationship between limited production
resources and what can be provided for human consumption
under certain production conditions and technical levels (Zhong
et al., 2020).

The concept of eco-efficiency originated from abroad and was
first proposed by German scholars, and it integrates the concept
of economic and ecological two-way efficiency (Baum and
Bienkowski, 2020). It is used to measure the relationship
between economic value change and environmental impact
caused by a certain change. With the deepening of research in
China and abroad, the concept of ecological efficiency is getting
perfect. The concept recognized by academics is that based on
necessary materials and products and services that could improve
the quality of life, human beings achieve the goal of coordinated
coupling between the environment and economy. Agricultural
eco-efficiency is the specific application of eco-efficiency in the
agricultural field. Taking the sustainable use of agricultural
resources as the core and considering the realization of
resource conservation and pollutant emission reduction as the
goal, it is an indicator that evaluates the comprehensive
performance of agricultural production and economy on the
basis of meeting human needs for agricultural products
(Magarey et al., 2019). The goal of Agricultural Eco-efficiency
is to realize the efficient utilization of resources in the process of
agricultural production, focusing on measuring the relationship
between resources in the natural ecology and agricultural
economic production. In other words, it refers to the
simultaneous realization of multiple goals of high efficiency of
agricultural production, reduction of resource input, and decrease
of waste loss in the process of agricultural production (Reith and
Guidry, 2003). Its main features contain the following five
aspects: to achieve efficient use of resources and maximize the
use of renewable resources, to avoid environmental losses caused
by the production process to the local and surrounding
environment, to produce expected agricultural products, to
maintain biodiversity, and to make rapid adjustments to
social, economic, and environmental impacts. (Golas et al.,
2020). Based on the abovementioned research interpretation,
the connotation of Agricultural Eco-efficiency can be
summarized into three levels. The first level is that
Agricultural Eco-efficiency demonstrates a research method for
the regulation and control of the entire production process of
agriculture. To increase the overall output level of agriculture, we
must find ways to improve the utilization efficiency of various
input elements in the agricultural system. Therefore, in this state,
it not only reduces the use of chemical fertilizers and pesticides
and other productive materials in the agricultural production
process but also relies more on technologies (mixed planting,
crop rotation, and the complementarity of agriculture and animal
husbandry, etc.) to effectively increase the level of agricultural
output (Todorovic et al., 2018). The second level is that
Agricultural Eco-efficiency should be a key goal pursued by
agricultural production. The level of Agricultural Eco-

efficiency means the level of utilization efficiency of
agricultural resources, and the improvement of utilization
efficiency characterizes the reduction of pollutants discharged
into the environment. The improvement of ecological efficiency is
based on reducing the adverse effects in the system as a “reward”.
Its improvement can effectively reduce the input of fossil fuels,
chemical fertilizers, and other agricultural materials in the
agricultural production process, decrease the entire agricultural
production cost, and indirectly increase the agricultural income
(Czyzewski et al., 2021). Therefore, the level of Agricultural Eco-
efficiency is not only consistent with the entire ideological
connotation and extension of sustainable agricultural
development but also an indispensable development goal for
the ecologicalization of the agricultural industry. At the third
level, Agricultural Eco-efficiency is a vital means of assessing the
sustainable development capability in the process of agricultural
production (Gava et al., 2020). It can effectively evaluate
ecological and economic performance, thus providing an
important method for evaluation.

Agricultural Eco-efficiency is an important measurement
indicator for sustainable agricultural development. It focuses
on the coupling of the ecological and economic objectives in
the agricultural production process, and based on the
maximization of expected output and the minimization of
undesired output, the increase in output and reduction of
pollutants are realized. Existing studies have discussed the
connotation of Agricultural Eco-efficiency, which will provide
an important basis for this research. However, the adoption of
any technology is dependent on the sociopsychological
behavior of people (Elahi et al., 2021b).

There are certain differences in the measurement methods
of Agricultural Eco-efficiency due to different disciplines. In
terms of methods, they mainly include ratio method, life cycle
assessment (Soteriades et al., 2016), ecological footprint analysis
(Wackernagel and Galli, 2007), energy analysis (Wang and Zhao,
2021), data envelopment analysis (Tone and Tsutsui, 2009), and
stochastic frontier analysis (Guo et al., 2020), etc.

The ratio method is the earliest measurement method,
which has gradually faded out of the field of vision of
scholars. Early methods of eco-efficiency evaluation mainly
used the ratio of economic value of products to the
environmental impact of products (Ke et al., 2012), and the
more common calculation formula was proposed by the World
Business Council for Sustainable Development (WBCSD).

Eco − ef f iciency � Economic Value of Products
Environmental Impact of Products

(1)

The particularity of using the ratio method to calculate
Agricultural Eco-efficiency is mainly manifested in the fact
that in the entire agricultural production process, not only will
the use of chemical fertilizers and pesticides cause negative effects,
such as pesticide residues and soil compaction, but also due to the
carbon sequestration effect of the crop itself; the absorption of
toxic gases will generate a positive effect (Lwin et al., 2017).
Therefore, in the calculation process, the formula is deformed as
follows:
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Agricultural Eco − ef f iciency � Economic Value of Agricultural Products
Negative Evironmental Ef fects

− Positive Evironmental Ef fects (2)

The ratio method characterizes the possible negative
impacts of economic development on the environment to a
certain extent. However, the defect of this indicator is that it
only considers the impacts on the output side and completely
ignores the description of the input side, but for agriculture,
the resource and environmental impacts are generated
precisely on the input side. Therefore, this method has
gradually faded out of scholars’ research horizons.

Life cycle assessment is a method that originated in the
1960s. Due to resource consumption and oil crisis, it has had
serious impacts on social and economic development.
However, Chinese and foreign academic research evaluation
methods were limited to a few concentrated environmental
load methods (Soteriades, A.D. et al., 2016). In the 1990s, with
the gradual deepening of sustainable development research,
the method of life cycle assessment appeared. The detailed
definition is given by the International Society for
Environmental Toxicology and Chemistry and the
International Organization for Standardization (Fridrihsone
et al., 2020). Specifically, it refers to evaluating the potential
impacts of energy and resource consumption and waste
pollutants generated during the entire production process
(from raw material extraction, material preparation, to the
product becoming waste) of products (Holka, 2020). The
quantification of life cycle assessment appeared in 1990. It
is an ecological scarcity method developed by Swiss
researchers. Its calculation formula is as follows:

Ecopoints
kg

� EmissionsA
EmissionsT

×
1

EmissionsT
. (3)

Among them, the subscript A represents the actual
environmental load, and the subscript T represents the
environmental load in an ideal state.

In the process of calculation based on the life cycle
assessment, the whole process needs to be measured,
especially in the calculation of Agricultural Eco-efficiency as
it is difficult to define the boundary, and the data of the whole
analysis process are more complicated. At the same time, the
comparative analysis mechanism between regions needs to be
further deepened.

Ecological footprint analysis was first proposed by Rees, a
Canadian ecologist, in the early 1990s and then developed and
improved by Wackernagel. It mainly compares the overall loss
caused by human production activities to nature and converts
it into the corresponding land area through the conversion
coefficient. Moreover, this value is compared with the overall
amount of supply that nature can provide to human beings,
and it is determined whether the regional economic
development is within the carrying range of the ecosystem
(Costa et al., 2018) based on the comparison result. If the area
of productivity required by human activities is greater than the
amount that nature can provide for humans, at this time, it is
in a situation of over-utilization of ecological resources. The

use of ecological footprint analysis is simple and globally
comparable. However, this method has some shortcomings,
which are manifested in the lack of data on the actual
consumption of products of various biological resources in
the calculation. Therefore, it is easy to cause errors when using
different product usage data for substitution (Wackernagel
and Galli, 2007). In addition, there is lack of groundwater
resource measurement in the account coverage, and no
attention is paid to the quality of the land in the
production process.

Energy analysis was put forward by Odum, a famous
American ecologist, in the 1980s, focusing on the quantitative
evaluation of the “nature–economy–society” complex system.
This method mainly takes energy as the core of the research,
uses the energy conversion rate to convert the different types and
the same types of energy in the ecosystem into the same standard
solar energy value to evaluate the energy value of various energies
within the system (Wang and Zhao, 2021), comprehensively
analyzes the energy value (material flow, currency flow,
information flow, etc.), and assesses the structure, benefit, and
function of the ecosystem. Based on energy analysis, the changes
in the natural environment and carrying capacity over a period of
time (Llinas et al., 2021), sustainable development capabilities,
and energy usage could be evaluated.

The energy analysis takes into consideration the value of
economy, resources, and the environment as a whole and
makes up for the difficulties of traditional economics in
resource pricing and measurement. However, the energy
analysis also has the problems such that the energy conversion
rate will change greatly with the change of regions, and the
evaluation indexes are relatively single.

Stochastic frontier analysis is a type of parametric
analysis. It has been widely used to measure the efficiency
in different research topics. This method was proposed by
Farrell in 1957, and by 1977, Aigner, Meeusen, and Van
DenBroeck conducted independent research on this method (Li
et al., 2021). In the process of measuring Agricultural Eco-
efficiency, the first step is to determine the form of the
production function. Then, the difference value between the
actual production output level and the maximum expected
output level is calculated based on the specific form of the
production function. Finally, the inefficiency term and the
random error term are separated. This method is considered to
be a commonly used evaluation method of Agricultural Eco-
efficiency.

Data envelopment analysis is currently the most widely used
method for evaluating Agricultural Eco-efficiency. This method
was proposed by Charnes, Cooper, and Rhodes in 1978 and can
evaluate the effectiveness of decision-making units (Liu et al.,
2020) with multiple inputs and multiple outputs. This method
does not need to emphasize the specific form of the model, is
more convenient to use, and does not require dimensional
processing of the data.

Owing to the difference in various disciplines, there are certain
differences in the measurement methods of Agricultural Eco-
efficiency. However, every calculation method has its own pros
and cons. Therefore, it is necessary to conduct an in-depth
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analysis of the measurement framework system of Agricultural
Eco-efficiency and seek a measurement method that is more
suitable for resource-environmental constraints.

METHODOLOGY AND DATA

SBM Model With Undesired Output
The DEA–Slack-Based Model (DEA-SBM) can break the
shortcomings of input–output angle selection and radial
improvement of traditional BCC and CCR models so that the
efficiency values can be better measured based on non-angular,
non-radial, and actual slack variables to the target. The specific
model is as follows:

minλ,s− ,s+ρ �
1 − 1

m∑
m
i�1

s−i
xi0

1 + 1
s∑

s
r�1

s+r
yr0

. (4)

s.t. x0 � Xλ + s− (5)
y0 � Yλ − s+ (6)

λ≥ 0, s− ≥ 0, s+ ≥ 0 (7)
Among them, λ represents the weight vector; s− s+ represents

excess input and insufficient output, respectively; x0 y0 represents
the input and output of each decision-making unit, respectively;
and X, Y is the input and output matrix, respectively;
X � [x1, ..., xn] ∈ Rm×n, Y � [y1, ..., yn] ∈ Rs×n. It is assumed
that X > 0, Y > 0 and ρ is the efficiency value that needs to be
calculated.

It is assumed that there are n production decision making
units (DMUs) in the agricultural evaluation system, and each
DMU comprises the following three sets of vectors: input vector
x ∈ Rm, expected output vector ye ∈ Ra, and undesired output
vector yn ∈ Rb Among them, m, a, b represents the types of
input–output elements. The matrices X � [x1,/, xn]ϵRm×n,
Ye � [Ye

1,/, Ye
n]ϵRa×n, Yn � [Yn

1,/, Yn
n]ϵRb×n, and

X> 0, Ye > 0, Yn > 0are defined, and the possible set of system
production based on constant returns to scale (CRS) is defined as
follows:

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

ρp � min
1 − 1

m
∑m

i�J
d−
i

xi0

1 + 1
a + b

(∑
a

r�1
de
r

ye
r0

+∑b

h�1
dn
h

yn
h0

)

s.t. x0 � Xλ +D−, ye
0 � Yeλ −De, yn

0 � Ynλ +Dn

D− ≥ 0, De ≥ 0, Dn ≥ 0, λ≥ 0

. (8)

In Eq. 8, D−, De, Dn represents the slack variable of the input,
expected output, and undesired output, respectively. ρp indicates
the target value of the Agricultural Eco-efficiency of the
production decision-making units, ρpϵ (0,1).

Data
The research object of this study focuses on the agricultural
planting industry in a narrow sense. In order to measure the
Agricultural Eco-efficiency, land, labor, machinery, irrigation

water, pesticide, chemical fertilizer, agricultural film, and
agricultural diesel are selected as input elements. In
addition, agriculture itself has the value of ecosystem
services so that agricultural carbon emissions and
agricultural non-point sources are selected as undesired
outputs. The specific indicator system is shown in Table 1.

This study conducted research on 31 provinces,
municipalities, and autonomous regions in China (excluding
Hong Kong, Macao, and Taiwan). The data of indicators are
obtained from “China Rural Statistical Yearbook,” “China
Statistical Yearbook,” and China’s social and economic big
data research platform.

RESULTS AND DISCUSSION

Overall Trends in Agricultural
Eco-Efficiency
The growth trend of Agricultural Eco-efficiency is obvious; the
provincial Agricultural Eco-efficiency in 2001 and 2012 is shown
in Figure 1. From 2001 to 2019, the Agricultural Eco-efficiency
showed an increased trend. The average value of Agricultural
Eco-efficiency increased from 0.363 to 0.818, with a growth of
125.34%. All 31 provinces in the mainland are classified into three
groups, namely, the eastern, central, and western. Overall, the
provinces with higher Agricultural Eco-efficiency are mainly
located in the eastern region, such as Zhejiang, Shanghai,
Shandong, and Jiangsu. In 2019, the provinces mentioned
above all equaled to 1. These provinces feature small
agricultural output or a well-developing economy. For
example, Zhejiang and Shanghai are two typical provinces
with small agricultural output, and the gross domestic product
(GDP) ranks at the upper level in China. In contrast, most
provinces in the western region feature with low Agricultural
Eco-efficiency, and these regions are characterized by a relatively
high agricultural output and less developed economics. For
instance, in 2001, Qinghai, Shanxi, Ningxia, and Gansu were
the four provinces with lowest Agricultural Eco-efficiency.
Nevertheless, the growth rate of Agricultural Eco-efficiency in
the western region is faster than that in the eastern region, and
there are significant differences in Agricultural Eco-efficiency
among different provinces. For instance, as a typical
representative of the western region, the Agricultural Eco-
efficiency of Qinghai was 0.081 in 2001, while it increased to 1
in 2019.

However, it is interesting that although most regions in the
western provinces had relatively low Agricultural Eco-efficiency,
they were very likely to enjoy higher growth rates. Such rapid
growth can be attributed to technology increase and urbanization.
Due to rapid technology increase, the increase of Agricultural
Eco-efficiency was generally faster than that of other regions. For
example, the Agricultural Eco-efficiency of Shaanxi increased
from 0.196 to 1, with an average growth rate of 21.59%. In
addition, with the increased pace of urbanization, a large number
of people tend to live in cities, and more machinery and
equipment are put into production, which effectively improves
the Agricultural Eco-efficiency.
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There is a U-shaped change trend between the Agricultural Eco-
efficiency and the total output value of agriculture, forestry, animal
husbandry, and fishery. In other words, the provinces with the total
output value of agriculture, forestry, animal husbandry, and fishery
in the low range and high range enjoy higher Agricultural Eco-
efficiency. For example, the total output value of agriculture,
forestry, animal husbandry, and fishery in Zhejiang, Xinjiang,
and Tibet is in the low range, and their Agricultural Eco-
efficiency values in 2019 were all 1. Similarly, Shandong,
Jiangsu, and other provinces are the regions with a high range
of the total output value of agriculture, forestry, animal husbandry,
and fishery, and their Agricultural Eco-efficiency all equaled to 1.

Provincial Agricultural Eco-efficiency
Inequality
We also measure the provincial Agricultural Eco-efficiency
inequality in Figure 2, and it can be found that Agricultural
Eco-efficiency inequality declines with the growth of economics
in China. At the provincial level, Agricultural Eco-efficiency
inequality could be divided into three tiers. The first tier is the
provinces with the Agricultural Eco-efficiency of 1, including
Beijing, Shanghai, Hainan, and Tibet; these provinces featured
with low agricultural output or high gross domestic production
from 2001–2019, and the Agricultural Eco-efficiency of these four
provinces was equal to 1. The second tier is the regions that did

TABLE 1 | Agricultural Eco-efficiency indicator system.

Indicator
type

Indicator name Indicator description Unit

Input Land input Total sown crop area Thousand hectares
Machinery input Total agricultural machinery power 10 thousand kilowatts
Labor input Primary industry practitioners *(total agricultural output

value/total agriculture, forestry, animal husbandry, and
fishery output value)

10 thousand people

Chemical fertilizer input Chemical fertilizer consumption 10 thousand tons
Agricultural water input Irrigation water consumption Ton
Pesticide input Pesticide consumption 10 thousand tons
Agricultural film input Agricultural film consumption 10 thousand tons

Expected
output

Total agricultural output value Total agricultural output value 100 million yuan
Ecosystem services Ecosystem service value 10 thousand yuan

Undesired
output

Agricultural carbon emissions Total carbon emissions of chemical fertilizers, pesticides,
agricultural films, agricultural diesel oil, agricultural
irrigation, and agricultural sowing

The following carbon emission sources and their
emission coefficients are selected: chemical fertilizer
0.8956 (kg/kg), pesticide 4.9341 (kg/kg), agricultural
films 5.18 (kg/kg), diesel oil 0.5927 (kg/kg), agricultural
sowing 312.6 (kg/km2), and agricultural irrigation 20.476
(kg/hm2)

Comprehensive index of agricultural
non-point source pollution

Calculated by the entropy method —

FIGURE 1 | Agricultural Eco-efficiency in China from 2001–2019 [(A): 2001, (B): 2019].
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not start with an Agricultural Eco-efficiency of 1, but reached 1 in
2019, including 14 provinces. Many of these provinces are
China’s main grain producing areas, such as Shandong and
Henan. This shows that with the implementation of China’s
ecological civilization construction, agricultural green

development has become the mainstream of development, and
Agricultural Eco-efficiency inequality between provinces is
gradually decreasing. The third tier is provinces that have
consistently failed to achieve an Agricultural Eco-efficiency of
1, such as Shanxi, Jilin, Gansu, and Inner Mongolia. These

FIGURE 2 | Agricultural Eco-efficiency in different provinces from 2001–2019.
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FIGURE 3 | Agricultural Carbon Emission Flow from 2001–2019 [(A): 2001, (B): 2010, (C): 2019].
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provinces are characterized with less developed economics. From
2001–2019, Agricultural Eco-efficiency inequality declined; to
increase Agricultural Eco-efficiency, appropriate reduction
measures should be taken by encouraging low-carbon and
low–non-point source pollution production style. For instance,
reduced fertilizer and pesticide use could influence Agricultural
eco-efficiency inequality.

Drivers of Agricultural Eco-efficiency
Inequality
The influencing factors of Agricultural Eco-efficiency inequality
could date back to the source of undesired outputs. In Figure 3,
pesticide, diesel fuel, fertilizer, agricultural plastic films, irrigation,
and sowing are the main undesired output sources. The main
source of carbon dioxide emitted during agricultural production
was pesticides. In 2019, carbon dioxide from the pesticides
accounted for 59.64% of total emissions, followed by fertilizer
(15.37%), diesel fuel (14.13%), agricultural plastic films (8.46%),
irrigation (1.73%), and sowing (0.64%). From the perspective of
major carbon dioxide emission regions, provinces in the eastern
region emitted the highest level of carbon dioxide, accounting for
41.40% in 2019, followed by the central (35.16%) and the western
(23.41%) regions. In view of the distribution of the four major
parts and the eight major economic zones, the eastern is divided
into the east part and northeast part. The east part accounted for
30.10% of carbon dioxide emissions and the northeast part
occupied 11.30%. Among the eight major economic zones, the
middle reaches of Yellow River took up the highest carbon dioxide
emissions, reaching 18.99%. This is closely linked to the important
agricultural production bases in this economic zone such as Henan,
Shandong, and other provinces. The economic zone that ranked
second in terms of emissions was the middle reaches of Yangtze
River (16.17%), which fully confirms that the Yellow River Basin
and the Yangtze River Basin are themain agricultural planting areas
in China. Such performance of agricultural carbon emission was
primarily due to increase of planting area.With the implementation
of the green development strategy, the agricultural carbon emissions
are expected to decrease.

In terms of time and space, the proportion of carbon dioxide
emitted by agricultural production has decreased in the eastern
region and the share in the Central and Western regions has
increased. From the perspective of spatial change, from 2001 to
2019, carbon emissions in the eastern region showed a downward
trend, from 48.03% in 2001 to 47.68% in 2010 and 41.4% in 2019,
with a decrease of 6.63%. Specifically, the main reason for the
change was the decline in the east part, especially due to the rapid
urbanization of the eastern provinces, such as Beijing and
Shanghai, which has caused part of the agricultural land to be
replaced by urban land. What is more special is that the
percentage of carbon emissions in the northeast part has
shown an increasing trend, increasing by 2.22% from 2001 to
2019, mainly caused by the use of pesticides and machinery in
northeast China. In addition, the shares of agricultural carbon
emissions in the central and west part have shown an increasing
trend, with 32.95%–35.16% in the central and 18.97%–23.41% in
the western region.

To achieve carbon neutrality, the Chinese government should
pay more attention to agriculture, especially for Agricultural Eco-
efficiency. National Agricultural Eco-efficiency increased by
125.34% from 2001 to 2019, and all provinces experienced
rapid growth. Due to the implementation of green
development policy and urbanization, Agricultural Eco-
efficiency inequality is expected to decrease in China, and
great efforts should be paid to deal with this problem in the future.

Our results highlight the influencing factors affecting
Agricultural Eco-efficiency. The eastern region always enjoys
high Agricultural Eco-efficiency; in 2001, Agricultural Eco-
efficiency in Shanghai was 12.35 times higher than that of
Qinghai, also characterized with low agricultural output. The
Agricultural Eco-efficiency will exist for a very long time in
China, the green development strategy will give an
opportunity for sustainable agricultural development, and the
technology development of the central and western regions will
be very useful to bridge the gap. Furthermore, compared with the
eastern region, the middle reaches of Yellow River and middle
reaches of Yangtze River have great potential in reducing carbon
emissions. The output of grain andmeat in the Yellow River Basin
accounts for one-third of the country’s output, and the Yangtze
River Basin is a land of fish and rice in China. The grain produced
in the Yellow River Basin and the Yangtze River Basin accounts
for more than 60% of the country’s production. Therefore, taking
these two regions as key emission reduction regions will be
significant to agricultural eco-efficiency improvement.

POLICY IMPLICATIONS

Given the outputs of agriculture, the government should focus on
guiding the planting type. The changing planting type should join
the government and farmer together. For the government, a more
greener planting guide should be given. A model of agricultural
development in harmony with nature, such as combining planting
and raising, intensive farming, and using land for cultivation,
should be formed. Focusing on the adaptation of the
development of the planting and breeding industry to the
carrying capacity of the resources and environment, efforts
should be taken to solve the outstanding problems of the dirty,
chaotic, and poor rural environment, such as reducing livestock
manure, crop stalks, and other planting and breeding wastes.
According to the cyclical development concept of “planting
industry drives breeding industry; breeding industry promotes
planting industry,” taking local consumption, energy recycling,
and comprehensive utilization as the main line and considering
equal emphasis on economic, ecological, and social benefits as the
guide, the operation mode of government support, enterprise
operation, social participation, and promotion of the whole
county should be adopted to build a coordinated development
model of planting and breeding that combines intensive,
standardization, organization, and socialization. In addition, it is
necessary to explore comprehensive and overall solutions for waste
recycling of the planting and breeding industry in typical counties,
and form a long-termmechanism of county-rural enterprise linkage
and constructionmanagement operation, so as to effectively prevent
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and control agricultural non-point source pollution, improve the
efficiency of agricultural resource utilization, promote the
transformation of agricultural development mode, and boost
sustainable agricultural development.

It is necessary to continue to reduce the use of chemical
fertilizers and pesticides and increase their efficiency. On the
one hand, the government should further promote the
development of soil testing, formula fertilization, unified control
of crop diseases and insect pests, and whole-process green
prevention and control and improve farmers’ awareness and
skills of scientific fertilization and pesticide use, thus reducing
the use of fertilizers and pesticides. On the other hand, it is also
important to integrate and promote green and efficient
technologies, such as deep application of chemical fertilizers by
machinery, simultaneous sowing of fertilizer and integration of
water and fertilizer, and applying green prevention and control
technologies such as ecological regulation, biological control, and
physical and chemical control. In addition, quality standards for
agricultural inputs, such as chemical fertilizers and pesticides,
should be revised and strictly implemented so as to strictly
control the use of high-toxicity and high-risk pesticides and
develop and promote new products and advanced fertilization
and application machinery, such as high-efficiency and slow-
controlled release fertilizers; high-efficiency, low-toxicity, and
low-residue pesticides; and biological fertilizers and pesticides.

CONCLUDING REMARKS

Carbon neutrality is not a constraint on economic growth but an
important source of China’s total factor productivity growth. It will
promote rapid changes in China’s economic growth momentum
and growth model in the new development stage. These carbon
node industries include both production-oriented industries and
consumer-oriented industries, which are not completely
overlapped with traditional high-energy consuming industries.
The core of agricultural emission peaking and carbon neutrality
is to promote the transformation of the agricultural development
mode to a comprehensive green and low-carbonmode. The results
show that the provinces in the central and western region had a low
value of Agricultural Eco-efficiency in China, and the middle
reaches of Yellow River is the key zone of carbon emissions and

non-point source pollution control, so it is necessary to effectively
improve agriculture based on the improvement of Agricultural
Eco-efficiency. Agriculture, as a basic industry, plays an important
role in the whole socioeconomic development. In the process of
supporting agricultural development, agriculture will produce
“desirable” products, such as grain, fruit, and other products,
and “undesirable” outputs, such as greenhouse gases, such as
carbon dioxide, methane, and nitrogen dioxide. Taking these
undesired factors into account in agricultural production is of
great significance to accurately quantify agricultural inputs and
outputs and provide important parameters for the next step of
promoting greener Chinese agriculture.

Although our study produced some informative findings,
there still exist some limitations of this study. This study
focuses on agricultural planting, innovatively taking
agricultural ecosystem services as expected outputs, and
considering carbon emissions and non-point source pollution
as undesired outputs. However, agriculture will also produce
undesired outputs, such as methane and nitrous oxide, which
will be introduced into our research as new variables in the future.
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Because of implementation of ecological projects, the restoration of vegetation not only
changes the typological composition and spatial structure of the landscape, but also
improves the regional ecosystem function. The present study considered the effects
of natural-anthropogenic factors and landscape connectivity on vegetation restoration.
It also explored the impact and underlying mechanisms by which structural changes
in landscape connectivity affect vegetation coverage in the karst region of Guizhou
Province and provided a novel perspective for the maintenance of regional ecological
security. We used morphological spatial pattern analysis (MSPA) and integrated
valuation of ecosystem services and tradeoffs (InVEST) and circuit theory to identify
ecological networks and explore the changes in landscape structure. We performed
a Theil-Sen Median trend analysis and a Mann-Kendall (MK) trend test to determine
spatiotemporal variations in vegetation coverage. We conducted a coupling analysis to
discover correlations between the average cumulative current density (CCD) and the
normalized difference vegetation index (NDVI) in various karst landform counties. We
also implemented a geographical detector to detect the factors affecting the NDVI trend
and disclose interactions among factors. The results showed that (1) Though the total
area of forests and core areas was reduced, the ecological networks and landscape
connectivity steadily improved. (2) Areas with improved vegetation coverage accounted
for 77.77% of the total. By contrast, the degraded areas covered 14.28% while the
remaining 7.95% was stable. (3) The relationships between the average CCD and
the NDVI were inconsistent among various geomorphological counties. The counties
with the highest proportions of karst landforms presented with negative correlations
between the average CCD and the NDVI in 2005 and positive correlations between
these parameters in 2018. (4) The NDVI trend was influenced by several factors.
Of these, anthropogenic activity played a dominant role. Nevertheless, changes in
landscape connectivity was also implicated. Attention should be paid to the impact of
landscape connectivity on ecological restoration. The foregoing results indicated that the
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rocky desertification projects effectively improved landscape connectivity and vegetation
coverage and provided a reference for developing policies establishing and maintaining
ecological security of the karst ecosystem and coordinating sustainable development in
this region.

Keywords: circuit theory, ecological network, geographical detector, Guizhou Province, landscape connectivity,
karst vegetation restoration

INTRODUCTION

Vegetation comprises the hub of material circulation and energy
exchange in ecosystems and prevents ecological degradation.
Elucidating the spatiotemporal patterns in vegetation cover and
the impact of climate change and human activity on it helps
clarify the effects of ecosystem restoration and facilitates the
sustainable development of terrestrial ecosystems (Peng et al.,
2021). The normalized difference vegetation index (NDVI) is
commonly used in remote sensing estimation of vegetation
coverage (Lagomasino et al., 2015). It comprehensively reflects
vegetation type (Zhang et al., 2013), growth status, and coverage
density in an observation area. Thus, it is widely used in the
dynamic monitoring of vegetation coverage (Zhu et al., 2019).
The NDVI time series data are used to study variations in
vegetation and their response to external disturbances, which is of
great value in identifying the ecological benefits of the ecosystem
and is very important in global change research.

Patch corridor matrix model can be used to describe
landscape structure heterogeneity and reflect the landscape
pattern (Forman and Wilson, 1995), which helps clarify
landscape structure, function, and dynamic change (Feyissa
and Gebremariam, 2018). Landscape connectivity describes the
connections among landscape elements within a spatial pattern
or ecological process (Uroy et al., 2019), and this connection
may be species or gene flow between biological communities
or the exchange of materials and energy between landscape
elements (Forman and Godron, 1986; Taylor et al., 1993). It also
lays theoretical and empirical foundations for elucidating the
relationships among spatial patterns and for ecological network
planning (An et al., 2021). It usually comprises both structural
and functional connectivity (Tischendorf and Fahrig, 2000).
Structural connectivity measures the structural characteristics
of the landscape such as its size, shape, and habitat patch
locations. It reflects the spatial pattern of the physical connections
among landscape patches, but does not consider ecological
processes (Carlier and Moran, 2019). Functional connectivity
is based on the biological and ecological processes among
patches determined by observation, experimentation, and model
predictions (Salgueiro et al., 2021). The regional landscape
structure may be reconstructed by restoring existing (Williams
and Baker, 2012) or introducing new landscape elements
(Haider et al., 2016), adjusting their spatial configuration, and
enhancing landscape connectivity (Dondina et al., 2018). In
this manner, the security of the regional landscape pattern
is established and maintained. Several tools are available
to depict landscape connectivity. Carlier and Moran (2019)
used morphological spatial pattern analysis (MSPA) for the

comprehensive description of the structural connectivity among
linear and spatial habitats. Dai et al. (2021) combined Minimum
Cumulative Resistance (MCR) and Duranton and Overman
Index (DOI) models to identify ecological networks and maintain
landscape connectivity. Circuit theory identifies ecological
networks by assigning different degrees of significance to various
physical variables. It integrates the strengths of the random
walking and graph theories (McRae, 2006). Gao J. et al. (2021)
integrated ecosystem services and the circuit theory to portray
landscape connectivity and identify karst ecological networks.
An et al. (2021) took both structural connectivity and functional
connectivity into consideration, using the integrative method of
MSPA and circuit theory to construct and optimize the ecological
networks, which has greater ecological significance.

LeGrand (1973) first paid attention to the ecological problems
in karst regions. Guizhou Province is typical and representative
of the karst area in Southwestern China (Tian et al., 2017).
Karstification and high intensity development and construction
make the phenomenon of landscape isolation in karst region
increasingly serious (Peng et al., 2018). Rocky desertification
impoverishes ecosystems, destroys natural habitats, and impedes
regional sustainable development (Huang et al., 2010). With the
decrease of the connectivity of multiple landscape patches, the
free migration of species and the normal ecological circulation
process of landscape were hindered. Since the onset of the
21st century, several large-scale ecological protection and
construction projects have been initiated in China and have
achieved positive results. In Guizhou Province, the long-term
rocky desertification project has involved extensive tree planting
and afforestation and has significantly increased forest and grass
coverage (Liao et al., 2018). Nevertheless, it is also necessary
to determine the changes in landscape structure caused by
these projects and assess the impact that these modifications
have on ecosystem function. Prior studies on karst regions
mainly evaluated the impact of vegetation restoration from the
perspective of climate change and human activity and confirmed
that anthropogenic factors play major roles (Cai et al., 2014;
Peng et al., 2021). However, the landscape pattern strongly
influences landscape function and ecological processes (Pausas,
2003). Hence, it is necessary to consider its impact on variations
in vegetation from the perspective of landscape connectivity.

The ecological restoration project has been implemented
in Guizhou Province since approximately 2,000. However,
vegetation may have to pass through several succession stages
until its ecological function is optimized. For this reason, the
present study was initiated in 2005. The ecological networks
were mapped according to the patch corridor matrix model
using MSPA and the integrated valuation of ecosystem services
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and tradeoffs (InVEST) and circuit theory models. Based on
MODIS NDVI data, the spatiotemporal pattern of vegetation
coverage and the stability of ecosystem functions was analyzed
by Theil-Sen trend analysis and the Mann-Kendall (MK) trend
test. Correlations between the average cumulative current density
(CCD) and the normalized difference vegetation index (NDVI)
in various karst counties were evaluated. The factors and their
interactions influencing the NDVI trends were revealed with
geographical detectors. This study aims to clarify the mechanisms
by which the karst areas in Guizhou Province respond to changes
in landscape connectivity. Additionally, it will present evidence of
the efficacy of the ecological restoration projects in these regions.

MATERIALS AND METHODS

Study Area
Guizhou Province is in the eastern part of the Yunnan-
Kweichow Plateau in the karst region of Southwestern China
(24◦37′–29◦13′N, 103◦36′–109◦35′E) (Figure 1). Its total area is
17.62 × 104 km2 of which ∼70% is karst. The regional climate
is subtropical humid monsoon. The average annual temperature
is 10–18◦C and the annual precipitation is 1,000–1,500 mm.
Carbonate rocks are widely distributed in Guizhou Province.
The ecosystem structure is complex, the spatial heterogeneity
and ecological sensitivity are high, the environmental capacity
is low, and the habitat is fragile. Guizhou is the only province
in China lacking plains. Its average elevation is ∼1,100 m.
Plateaus and mountains account for ∼87% of the total area.
Long-term human activity has intensified rocky desertification
there. Guizhou Province has been the focus of national rocky
desertification and ecological restoration projects since 2000.

Data Source
The datasets used in this study included land use data
for 2005 and 2018, a digital elevation model (DEM), and
ground meteorological data derived from the Resources and
Environmental Science and Data Center of the Chinese Academy
of Sciences.1 The annual mean precipitation and temperature
data were obtained from the China Surface Climatic Data
Daily Dataset (v. 3.0) of the National Meteorological Science
Data Center2 and were calculated by inverse distance weighting
(IDW) interpolation. The NDVI data were obtained using the
MOD13Q1 product of the Land Processes Distributed Active
Archive Center of NASA.3 The MODIS reprojection tool (MRT4)
was used to extract the NDVI data and convert them to a
raster file. ArcGIS 10.4 software was used to obtain the largest
NDVI per pixel per year and the NDVI of each county-
level administrative region. County-level afforestation data were
acquired from the China Forestry and Grassland Statistical
Yearbook.5 Socioeconomic data were procured from the Guizhou

1http://www.resdc.cn/
2http://data.cma.cn/
3https://www.usgs.gov/
4https://modis-land.gsfc.nasa.gov/tools.html
5https://navi.cnki.net/knavi/yearbooks/YGFDS/detail?uniplatform=NZKPT

Statistical Yearbook.6 The research framework is shown in
Figure 2.

Identification of Core Area Patches by
the Morphological Spatial Pattern
Analysis Method
Morphological spatial pattern analysis is a classification
processing method based on mathematical morphology. It
analyzes the topological relationship of an image at the pixel
level. MSPA divides the pixels of a binary image into seven
mutually exclusive landscape elements (Soille and Vogt, 2009).
Using the MSPA method to extract ecological patches requires
no indicator selection or complex data processing.

Forestland coverage accounts for ∼53% of the total area in
Guizhou Province. Areas with relatively less human disturbance
are primarily mosaic communities dominated by forests. The
ecological function of forestland is greater than that of other
vegetation communities and thus partially determines the state
of the entire ecosystem. For the restoration and reconstruction
of karst regions, although other biological and engineering
measures also play a certain role in ecological regulation, it is
difficult to overcome the main contradiction that leads to the
degradation of karst ecosystems, that is, the problem of water
conservation. Forestland has a richer hierarchical structure than
other vegetation, and its water conservation function is much
higher than that of other vegetation. Therefore, forestlands were
selected as foreground elements while other land use types were
used as background elements. A binary image was generated and
GuidosToolbox software7 was used to identify the seven MSPA-
based landscape elements, namely, core, bridge, edge, branch,
loop, islet, and perforation. The core is the source of various
ecological processes. Bridges are linear elements connecting
various core area patches representing landscape connectivity.
Edges are transition zones between the external perimeters of the
core area and the non-forest landscape area. Branches are narrow
regions connected to the core areas. Loops are the internal access
points of material and energy exchange within a single core area.
Islets are isolated small patches with low landscape connectivity.
Perforations are the interior perimeters of a core area patch.
Here, we used GuidosToolbox to assess forestland connectivity,
adopted an eight-connectivity analysis, and set the edge width to
three (Gao J. et al., 2021).

Ecological Resistance Surface
Identification
The resistance surface is the basis of ecological network
identification and represents the resistance that various animal
species must overcome when they move in space. Here, habitat
quality was calculated with the habitat quality module in the
InVEST model. The resistance surface was the reciprocal of
the habitat quality as the latter indicates high biodiversity
and low species resistance. The resistance surface extracted
by this method was relatively more ecologically significant

6https://navi.cnki.net/knavi/yearbooks/YGUIZ/detail
7https://forest.jrc.ec.europa.eu/en/activities/lpa/gtb/
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FIGURE 1 | Study site in Guizhou Province.

FIGURE 2 | Study methodology.
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(Peng et al., 2018). Space limitations prohibit description of the
calculation processes here.

Ecological Networks Identification
Circuit theory treats landscape as an electrical circuit.
Heterogeneous landscapes may be viewed as circuits containing a
series of nodes and resistors. Ecological corridors link ecological
sources and usually consist of belt-like areas with specific widths.
In the raster data, the CCD is defined as the amount of current
flowing through a single pixel, and it can reflect the probability
that a wanderer will move along a certain node or path. With
the increase of the circuit path number, the effective resistance
of the parallel circuit decreases and the corresponding current
increases. That is to say, when resistance to the movement of
species in the landscape decreases, CCD will increase, meaning
that functional connectivity will also improve. Prior studies
regarded ecological corridors as optimal paths for species
migration (Beaujean et al., 2021; Fan et al., 2021). However, not
all species may accurately identify the optimal path they must
follow to reach their habitat destinations. Therefore, certain
suboptimal paths are potential ecological flow corridors. Based
on random walk characteristics of species in landscape, circuit
theory can provide multiple potential corridors. This is better
aligned with the behavioral characteristics of species (Ciudad
et al., 2021). Besides, circuit theory model also can be used
to identify “pinch points” corresponding to areas with high
CCD in the voltage diagrams. Pinch point is the area with good
connectivity between source areas, which is very important
to maintain the connection of the whole ecological networks.
Animal species either prefer to move through them or do so
because there are no alternate paths. If a pinch point is removed
or changed, it may significantly affect landscape connectivity
(McRae et al., 2008; Cushman et al., 2013). Besides, circuit theory
can provide a basis for improving the quality of existing corridors
and patches and identifying key conservation and restoration
areas, thereby helping to control and improve biological and
abiotic flows and improve the efficiency of other important
ecological processes and services (Taylor et al., 2006). In this
study, Circuitscape 4.0 software8 and Linkage Mapper9 were
applied to calculate the CCD and create voltage diagrams across
the landscape based on available node and resistance surface data.

Theil-Sen Median Trend Analysis and
Mann-Kendall Trend Test
A combination of Theil-Sen Median trend analysis and the
MK trend test analyzes patterns of variation in vegetation over
extended time series (Fensholt and Proud, 2012; Fensholt et al.,
2012; Jiang et al., 2015). Theil-Sen Median trend analysis is a
non-parametric statistical method used to calculate trends in
variation (Healy et al., 1983). Its slope was used here to evaluate
improvement and degradation in the vegetation of Guizhou
Province between 2005 and 2018. The formula is as follows:

SNDVI = median
(
NDVIa−NDVIb

a−b

)
, 2005 ≤ b < a ≤ 2018 (1)

8https://circuitscape.org/downloads/
9https://linkagemapper.org

where SNDVI is the slope of the Theil-Sen median and NDVIb
and NDVIa are the NDVI for years b and a. SNDVI > 0 indicates
a rising trend while SNDVI ≤ 0 indicates a falling trend.

The MK trend test is also a non-parametric statistic measuring
the significance of SNDVI. Its input samples need not conform to
certain distributions and it is not susceptible to the interference
of outliers. The MK trend test has also been proposed to study
patterns of variation in vegetation over extended time series
(Jiang et al., 2015). The significance level |Z| > u1−α/2 indicates
that the time series significantly varies at the α level. Here, the
significance of the SNDVI from 2005 to 2018 was measured at the
0.05 confidence level.

Division of Karst Landform Counties
As there are extensive karst landforms in Guizhou Province,
lithology strongly affects the heterogeneity of landscape structure
and function. The 88 counties of Guizhou Province were divided
into four categories according to their proportions of carbonate
rocks. Lin (2001) divided the counties of Guizhou Province into
four classes based on their proportions of karst area. The county
categories were: (a) higher proportion of karst landforms; (b)
lower proportion of karst landforms; (c) interlaced karst and
non-karst landforms; and (d) non-karst landforms. According to
this classification system, the 88 counties in Guizhou Province
were reclassified by lithology data and changes in administrative
division. Sixty-two counties had >60% karst area, seven had karst
area in the range of 50–60%, another seven had interlaced karst
and non-karst landforms in an area ratio of 25–50%, and the
remaining 12 were non-karst counties.

Geographical Detector Model
The geographical detector is a spatial statistic model proposed by
Wang et al. (2010). It has been used to quantify the influences
of potential driving factors on geographical phenomena based on
spatial variance analysis (Wang et al., 2016, 2017; Gao F. et al.,
2021). Our aim was to investigate the effects of structural changes
in regional landscape connectivity on key ecological processes
and ecosystem functions. To this end, we selected three dynamic
indicators representing changes in spatial structure, namely, the
rates of change in the core, bridge, and average CCD. However,
the NDVI was also related to climatic, surface, and human activity
factors. Therefore, we added the following control variables:
annual average and temperature, urbanization growth rate, land
surface relief, percentage of carbonate rocks, areas of artificial
afforestation and closing hillsides to facilitate afforestation, and
rates of change in GDP per capita and population density. The
pixel-level NVDI slope was calculated for Guizhou Province
and the average slope of each county unit was calculated as
the dependent variable by using the zonal statistics method in
ArcGIS. Factor and interaction detectors were used and they
indicated which factors had the most significant impact on the
slope of NDVI. They also disclosed the interactive effects among
various pairs of factors.

Factor Detector
The factor detector calculates the q-value which quantifies the
impact of potential driving factors on the spatiotemporal trend in
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NDVI variation. The influence of q on the spatiotemporal trend
in NDVI variation increases with its value:

q = 1−
∑L

h = 1 Nhσ
2
h

Nσ2 = 1−
SSW
SST

(2)

SSW =

L∑
h = 1

Nhσ
2
h (3)

SST = Nσ2 (4)

where N is study area comprising N units layered into h = 1,
2, 3, . . . L strata. Stratum h comprises Nh units. σ2 and σh

2

are the global variance of the dependent variable of the study
area and the variances of the dependent variables in the sub-
areas, respectively. SSW and SST are the “within sum of squares”
and “total sum of squares,” respectively. The q-value is in
the range of 0–1.

Interaction Detector
The interaction detector indicates whether two factors strengthen
or weaken each other. It compares their combined and separate
contributions (Wang et al., 2010). The model categorized five
interactive effects (Table 1).

RESULTS

Identification of Ecological Sources and
Resistance Surface
In 2005 and 2018, the Guizhou Province forestland occupied
94,781.33 and 93,082.51 km2, respectively. The changes in
morphological spatial pattern were most evident in Central
and Western Guizhou Province. By contrast, the other regions
remained relatively stable. The proportions of various landscape
elements in the foreground area were also stable. The proportion
of perforation decreased by 0.48%. The core area was 57,806.25
and 56,870.55 km2 in 2005 and 2018, respectively, and occupied
mainly the northeastern and southeastern parts of the study area.
However, there were also small dispersive core areas and the
landscape was fragmented (Figure 3). Cores with areas >10 km2

(based on MSPA) were defined as ecological sources. They were
entered into the circuit theory model for landscape connectivity
analysis (Gao J. et al., 2021). There were 453 and 507 core patches
extracted as ecological sources in 2005 and 2018, respectively.
Overall, the ecological sources were large but fragmented. This

TABLE 1 | Interactions between covariate pairs.

Description Interaction

q(A∩B) < Min (q(A), q(B)) Weakened and non-linear

Min (q(A), q(B)) < q(A∩B) < Max (q(A), q(B)) Weakened and univariate

q(A∩B) > Max (q(A), q(B)) Strengthened and bivariate

q(A∩B) = q(A) + q(B) Independent

q(A∩B) > q(A) + q(B) Strengthened and non-linear

finding was consistent with the distribution characteristics of
typical karst landform vegetation.

Connectivity of the landscape ecological flow must overcome
resistance contributed by various influencing factors in the space.
As is shown in Figure 4, the average ecological resistance values in
Guizhou were 1.2039 and 1.2074 in 2005 and 2018, respectively.
Thus, ecological resistance rose slightly but nonetheless remained
low. The areas with strong resistance were located mainly in the
urban areas of Guiyang, Zunyi, Kaili, and Liupanshui City and
their environs. The habitat quality of these areas was zero. Hence,
they showed infinite resistance.

Identification of Ecological Networks
and Their Variations
The ecological networks (Figures 5A,B) showed that the
numbers of ecological sources and corridors in Guizhou
Province increased overall and the potential corridors were
extended. In Guiyang City, the ecological sources and
corridors became scattered and their numbers decreased.
Hence, urbanization markedly contributed to the change
in vegetation cover in Guizhou Province. However, this
degradation was ecologically compensated in remote areas.
In 2018, small forest patches appeared in the southwest and
they improved the landscape connectivity of the surrounding
area. Figures 5C,D show the CCD values for 2005 and 2018.
The maximum and average CCD were 1,681.94 and 58.49,
respectively, in 2005 and 1,896.97 and 81.74, respectively,
in 2018. Though the total forestland area and the core area
decreased, there was overall improvement in forest landscape
connectivity in Guizhou Province. Figure 5D shows that
the positions of most pinch points in Western Guizhou
remained unchanged. However, their ranges narrowed. Thus,
resistance around the pinch points decreased and landscape
connectivity improved in Western Guizhou. New pinch
points appeared in Northeastern Guizhou. Therefore, the
ecological resistance around them increased and the landscape
connectivity deteriorated.

The Variation in Trends of Vegetation
Coverage
Integration of the Theil-Sen Median trend analysis and the MK
trend test reflects variations in the vegetation trends of Guizhou
Province. Regions with SNDVI = 0 do not exist. Therefore, we
created the categories according to real SNDVI conditions. Areas
with SNDVI in the range of−0.0005 to 0.0005 were rated as stable.
Areas with SNDVI ≥ 0.0005 were rated as improved. Areas with
SNDVI < 0.0005 were rated as degraded. The results of the MK
trend test were classified as significant (Z > 1.96 or Z < −1.96)
or insignificant (−1.96 ≤ Z ≤ 1.96) variations and categorized
into five grades (Table 2).

Overall, the NDVI improved; however, greening and
degradation may have occurred in different areas. Regions
with improved vegetation far exceeded degraded ones in
Guizhou Province between 2005 and 2018 (Figure 6). Regions
with significantly improved vegetation coverage were located
primarily in Northwestern and Southwestern Guizhou Province.
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FIGURE 3 | Spatial distributions of morphological spatial pattern analysis (MSPA) in 2005 (A) and 2018 (B). Percentages of forestland are shown.

FIGURE 4 | Spatial distributions of resistance surfaces in 2005 and 2018.

Regions with slightly improved vegetation coverage showed a
dispersive distribution. Regions with stable or slightly degraded
vegetation coverage were distributed mostly in Central and

Eastern Guizhou Province. Regions with severe degradation
were distributed mainly in Guiyang City, Xingyi City, Zunyi
City, and Kaili City.
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FIGURE 5 | (A,B) Spatial distributions of ecological sources and corridors in 2005 and 2018. (C,D) Cumulative current density (CCD) maps for 2005 and 2018.

TABLE 2 | Normalized difference vegetation index (NDVI) trend variations in Guizhou Province.

SNDVI Z Trend variation Area percentage (%)

≥0.0005 ≥1.96 Significant improvement 28.81%

≥0.0005 −1.96 to 1.96 Slight improvement 48.96%

−0.0005 to 0.0005 −1.96 to 1.96 Stable or no significant variation in vegetation 7.95%

<0.0005 −1.96 to 1.96 Slight degradation 12.43%

<0.0005 <−1.96 Significant degradation 1.85%
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Coupling Analysis of Landscape
Connectivity and Normalized Difference
Vegetation Index
Landscape structure influences the representation of landscape
function. Coupling analysis identifies the relationship between
landscape connectivity and NDVI at the statistical level and
reflects regional ecological security. According to the result of
the division of karst landform counties, we then explored the
correlations between the average CCD values and the NDVI in
the various karst counties in 2005 and 2018. Figure 7 shows
that in general, the average CCD values increased especially for
counties with higher proportions of karst areas. Their average
CCD were relatively low in 2005 and had significantly increased
by 2018. In 2018, the NDVI for most counties had gradually
improved relative to those of 2005. Hence, the ecological
environment was sustainably developed. Certain counties with
higher proportions of karst landforms were not conducive to
the growth or restoration of vegetation because of high levels of
urbanization or high proportions of carbonate rocks. Hence, their
average CCD and NDVI had declined over time.

The trend of the eight fitting lines for 2005 and 2018
demonstrated inconsistent correlations between the average CCD
and the NDVI of the counties with different geomorphologies.
The average CCD and the NDVI were positively correlated for
the counties with non-karst landforms and those with interlaced
karst and non-karst landforms. For the counties with lower
proportions of karst landforms, the average CCD was negatively
correlated with the NDVI in 2005 and 2018, but negative
correlation alleviated in 2018. For the counties with higher
proportions of karst landforms, the average CCD and the NDVI
were negatively correlated in 2005 but positively correlated in
2018. The rocky desertification projects improved the landscape
connectivity and positively changed the NDVI in areas with
widespread karst landforms.

FIGURE 6 | Spatial SNDVI distribution in Guizhou Province between 2005 and
2018.

Effects of Influencing Factors on Trends
in Normalized Difference Vegetation
Index Change
We described the statistical correlation between landscape
connectivity and the NDVI. We also used metrology and a
regression model to quantify the impact of this association.
We selected the corresponding control variables, used
SNDVI as the dependent variable, and applied the factor
detector to calculate the q-value for each factor on SNDVI
between 2005 and 2018. Seventy-five percent of the q-values
were statistically significant at the 1% level (Table 3). The
order of the q-values corresponding to each factor was:
X5 > X3 > X6 > X4 > X1 > X2 > X7 > X8 > X12 > X11 > X10 > X9.
Non-climatic factors are the main reasons for the observed
general improvements in the vegetation of Guizhou Province.
Urbanization growth rate, rate of change in GDP per capita,
and population density all affect vegetation change in Guizhou
Province to varying degrees. Urbanization promotes the
adjustment of rural industrial structure, and a huge number of
rural labor forces choose to work in non-agricultural industries,
which increases per capita income and land utility intensive
level. According to the 2019 Statistical Yearbook, the population
in rural areas of Guizhou province decreased by 30.74% from
2005 to 2018, indicating the phenomenon of population outflow
and significant reduction of human disturbance on rural land,
which is beneficial to vegetation restoration. The reconstruction,
restoration and protection of vegetation not only change the
composition of landscape types, but also strongly affect the
landscape structure. Closing hillsides to facilitate afforestation
reduces anthropogenic disturbance of vegetation, and artificial
afforestation also accelerates forest growth. The ecological
benefits brought by ecological restoration projects are being
reflected. Moreover, the relief degree of land surface and the
proportion of carbonate rocks also influence variations in
vegetation. Thus, ecological construction must be conducted
based on local conditions to restore vegetation. The rates of
change in average CCD and bridge also affected the change in
the NDVI, which proved that the improvement of landscape
connectivity also had a certain effect on vegetation change. The
improvement of the connectivity of the landscape pattern is
conducive to the improvement of the ecological function of the
vegetation and the promotion of the ecological process.

Twelve factors and 33 of their interactions were evaluated
using the interaction detector. Table 4 shows that each factor had
a different interactive effect. All interactions contributed bivariate
or non-linear enhancement. Therefore, SNDVI was the product
of synergy among multiple factors. The interactions adding the
highest q-values to SNDVI were [urbanization growth rate ∩
annual average temperature] (q = 0.7477) and [urbanization
growth rate ∩ annual average precipitation] (q = 0.7176). It
indicates that the influence of temperature and precipitation
on vegetation change will be enhanced in areas with high
urbanization growth rate. Urbanization migrated the population
to cities and towns and significantly altered vegetation which,
in turn, reduced human activity, mitigated forest damage, and
increased land abandonment in rural areas. Moreover, we found
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FIGURE 7 | Correlation analysis of average cumulative current density (CCD) and normalized difference vegetation index (NDVI) in counties with different geomorphic
forms.

TABLE 3 | Factors influencing the q-value for the normalized difference vegetation index (NDVI) trend in Guizhou, 2005–2018.

Variable q Variable q

X1 = Rate of change in GDP per capita 0.2783*** X7 = Annual average precipitation 0.2319***

X2 = Rate of change in population density 0.2725*** X8 = Annual average temperature 0.1936**

X3 = Area of artificial afforestation 0.4023*** X9 = Rate of change in core 0.1930

X4 = Area of closing hillsides to facilitate
afforestation

0.2963*** X10 = Rate of change in bridge 0.1427***

X5 = Urbanization growth rate 0.5002*** X11 = Proportion of carbonate rocks 0.1911***

X6 = Relief degree of land surface 0.3365*** X12 = Rate of change in average CCD 0.1914***

** and *** indicate significance at the 5 and 1% levels, respectively.

TABLE 4 | Effects of interactions among influencing factors on SNDVI in Guizhou Province, 2005–2018.

Factor X1 X2 X3 X4 X5 X6 X7 X8 X9 X10 X11 X12

X1

X2 0.5014

X3 0.5831 0.6038

X4 0.6067 0.6064 0.414

X5 0.6673 0.6225 0.7126 0.6321

X6 0.5054 0.4442 0.5702 0.5246 0.5611

X7 0.6352 0.6059 0.5576 0.4877 0.7176 0.5353

X8 0.6648 0.522 0.5062 0.5651 0.7477 0.5729 0.4947

X9 0.6312 0.5954 0.4965 0.4757 0.672 0.4697 0.5377 0.4836

X10 0.5816 0.5113 0.5464 0.5098 0.6903 0.4866 0.3946 0.4571 0.3819

X11 0.4037 0.4813 0.4314 0.3395 0.6444 0.367 0.367 0.3799 0.4425 0.335

X12 0.4718 0.4972 0.5494 0.4725 0.6148 0.4601 0.5535 0.4651 0.4724 0.4921 0.371
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that the interactions between landscape connectivity (X10 and
X12) and other factors enhanced the variation in vegetation.

DISCUSSION

The core and forestland areas of Guizhou Province have
decreased in response to natural factors and human activity.
Moreover, landscape connectivity and the trends of vegetation
coverage have also been markedly altered in Guizhou Province.
Significant ecological sources and corridors have increased
and overall landscape connectivity has improved. The area of
vegetation significantly improved was much larger than that of
vegetation degradation. Current studies have analyzed regional
changes in vegetation by regarding natural and human factors.
Nevertheless, they did not consider the impact of changes
in landscape structure on ecological function and process. In
this paper, rate of change in bridge representing structural
connectivity and rate of change in average CCD representing
functional connectivity are introduced into vegetation change
analysis. According to the result of factor detector, although these
two factors are not the dominant factors affecting vegetation
change, their impact on landscape change is still significant.
Circuit theory models simulate migration and diffusion in the
biological flow within ecosystems, which use the random walking
characteristic of electrons in a circuit. Species diffusion and
migration may be predicted based on the current strength
between source areas. Landscape elements and pinch points
that strongly influence landscape connectivity may be effectively
identified. MSPA and circuit theory model need only small
amount of data required for calculation and the simple process,
and integrate structural connectivity and functional connectivity
between ecological source areas. This paper meets the needs of
multi-species migration and is more consistent with the real
situation of species movement. It provides a new method for
quantitative identification of key areas in ecological networks and
can provide scientific basis for ecological protection planning
in karst area. However, landscape connectivity strongly depends
on the scale characteristics of the research object. The ecological
process and function of landscape spatial structure characteristics
at different scales are different, and landscape connectivity varies
greatly. Therefore, multi-scale studies on landscape connectivity
need to be further explored, and more attention should be paid to
the effect of landscape pattern on vegetation change.

In this study, we considered the positive impact of human
activity and improvements in landscape connectivity on changes
in vegetation. However, we ignored the significant degradation
of the vegetation in certain areas. The impact of ecological
engineering implementation on landscape connectivity and
ecosystem processes and functions is complex. Large-scale
afforestation may increase vegetation transpiration, consume
more water, and reduce vegetation coverage in the afforestation
area. Most artificially planted species are not indigenous and
grow rapidly. Hence, they simplify the community structure,
have a negative effect on biodiversity, and may interrupt or even
reverse ecological succession. Afforestation reduces the incident
light below the canopy, thereby attenuating photosynthesis in

the understory plants. Changes in ecosystem types caused by
urbanization, drought, and illegal logging and overgrazing may
also lead to poor vegetation growth. At the same time, the
National Forestry and Grassland Administration’s Bulletin on the
Status of Rocky Desertification in 2018 also indicated that local
rocky desertification land is still expanding, causing vegetation
degradation in some areas, and the prevention and control
situation is grim. Environmental engineering must consider
the original landscape structure and landscape connectivity
improvement to produce beneficial ecological and economic
results. As the karst ecological environment is fragile, forest,
shrub, and grass collocation must be regarded as well. In the
future research, we should evaluate the vegetation restoration
situation in karst areas more comprehensively, and deeply
explore the positive and negative effects of ecological restoration
projects on regional vegetation changes.

A geographical detector accurately identifies the relationships
and interactions among multiple factors and is widely used to
analyze driving force mechanisms. We explored the changes
in vegetation cover in response to the natural environment,
human activity, and changes in landscape structure at the
county scale. The change in vegetation cover was influenced
mainly by anthropogenic factors. The urbanization growth rate
strongly interacted with the annual mean precipitation and
temperature. Urbanization has concentrated people in cities and
towns. Reduced human activity in rural areas has decreased
deforestation and/or increased land abandonment. Thus, an
increase in urbanization can reinforce interactions among
factors. Interactions among landscape connectivity and other
factors also significantly increased the variation in vegetation.
The geographical detector model is affected by a modifiable
areal unit problem when it is used to analyze the factors
influencing variation in vegetation including the scale and zoning
effects. The number of layers also affects the results. Here,
we selected several unsupervised classification discretization
methods and quantities using the “optidisc” function in the GD
package of R. We made comparisons to choose the optimal
combinations of discretization methods to avoid the subjectivity
of artificial classification. However, the influences of number and
stratification method on the results remain to be established.

CONCLUSION

The MSPA indicated that the degree of fragmentation was
still high for each element. However, the proportion of
each element did not markedly change. Several cities with a
high level of urbanization, their morphological spatial pattern
changed significantly. By contrast, the other regions remained
relatively stable. Ecological resistance was reduced in certain
areas which led to improvements in the ecological resistance
surface of biological migration, the path and quantity of
ecological corridors, and landscape connectivity. The structure
of the ecological networks steadily improved because the
number of ecological sources and ecological corridors were both
increased. Identification of the ecological networks enhanced
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the function of the ecological barriers and provided guidance
for future ecological protection and restoration programs in
Guizhou Province.

The areas with improved vegetation coverage were
substantially larger than the degraded areas in Guizhou Province
in 2005–2018. The improved and degraded areas accounted for
77.77 and 14.28% of the total area, respectively. The remaining
7.95% was stable. We divided the 88 counties into four categories
based on their karst landforms. Most of them were counties with
higher proportions of karst landforms. A coupling analysis of
the average CCD and the NDVI showed that they were generally
higher in 2018 than 2005 for most counties. Nevertheless, the
growing demands for economic development and the limitations
of the karst environment lowered the average CCD and the
NDVI for several counties with higher proportions of karst
landforms. The average CCD and the NDVI were positively
correlated for counties with non-karst and interlaced karst and
non-karst landforms. In 2005, the average CCD and the NDVI
were strongly negatively correlated for counties with lower
proportions of karst landforms. By 2018, however, the average
CCD and the NDVI were only weakly negatively correlated for
these counties. For counties with higher proportions of karst
landforms, the average CCD and the NDVI were negatively
correlated in 2005 but positively correlated in 2018. It can
be concluded that ecological restoration projects have a more
obvious impact on counties with higher proportions of karst
landforms. The rocky desertification problem and landscape
connectivity have been improved.

Natural and socioeconomic factors as well as improvement
in landscape connectivity significantly influenced the change in
the NDVI. The interactive detector revealed that [urbanization
growth rate ∩ annual average temperature] and [urbanization
growth rate ∩ annual average precipitation] jointly drove
the variation in vegetation in Guizhou Province. Therefore,
the urbanized area is more likely to enhance the effects of
temperature and precipitation than the rural area because the
latter has a smaller population. In addition, interactions among

landscape connectivity and other factors significantly enhance
the spatial variations in vegetation. Thus, changes in landscape
pattern play crucial roles in the restoration of vegetation in
this region. Future research should investigate the coordinated
development of urbanization and ecological restoration within
the karst region.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found in the article.

AUTHOR CONTRIBUTIONS

KH and LP performed the material preparation and data
collection and analysis. KH wrote the first draft of the manuscript.
All authors commented on previous versions of the manuscript,
contributed to the study conception and design, read, and
approved the final manuscript.

FUNDING

The research was supported by the National Natural Science
Foundation of China (No. 42001090), the Guangxi Natural
Science Foundation Program (No. 2020GXNSFDA238012), and
the National Key Basic Research Program of China (973
Program) (No. 2015CB452706).

ACKNOWLEDGMENTS

We would like to thank Editage (www.editage.cn) for English
language editing.

REFERENCES
An, Y., Liu, S., Sun, Y., Shi, F., and Beazley, R. (2021). Construction and

optimization of an ecological network based on morphological spatial pattern
analysis and circuit theory. Landsc. Ecol. 36, 2059–2076.

Beaujean, S., Nor, A. N. M., Brewer, T., Zamorano, J. G., Dumitriu, A. C., Harris,
J., et al. (2021). A multistep approach to improving connectivity and co-use of
spatial ecological networks in cities. Landsc. Ecol. 36, 2077–2093. doi: 10.1007/
s10980-020-01159-6

Cai, H., Yang, X., Wang, K., and Xiao, L. (2014). Is forest restoration in the
southwest China Karst promoted mainly by climate change or human-induced
factors? Remote Sen. 6, 9895–9910. doi: 10.3390/rs6109895

Carlier, J., and Moran, J. (2019). Landscape typology and ecological connectivity
assessment to inform Greenway design. Sci. Total Environ. 651, 3241–3252.
doi: 10.1016/j.scitotenv.2018.10.077

Ciudad, C., Mateo-Sánchez, M. C., Gastón, A., Blazquez-Cabrera, S., and Saura,
S. (2021). Landscape connectivity estimates are affected by spatial resolution,
habitat seasonality and population trends. Biodivers. Conserv. 30, 1395–1413.

Cushman, S., Mcrae, B., Adriaensen, F., Beier, P., Shirley, M., and Zeller, K. (2013).
Key Topics in Conservation Biology 2. Hoboken, NJ: Wiley-Blackwell.

Dai, L., Liu, Y., and Luo, X. (2021). Integrating the MCR and DOI models to
construct an ecological security network for the urban agglomeration around
Poyang Lake, China. Sci. Total Environ. 754:141868. doi: 10.1016/j.scitotenv.
2020.141868

Dondina, O., Saura, S., Bani, L., and Mateo-Sánchez, M. C. (2018). Enhancing
connectivity in agroecosystems: focus on the best existing corridors or
on new pathways? Landsc. Ecol. 33, 1741–1756. doi: 10.1007/s10980-018-0
698-9

Fan, F., Liu, Y., Chen, J., and Dong, J. (2021). Scenario-based ecological security
patterns to indicate landscape sustainability: a case study on the Qinghai-Tibet
Plateau. Landsc. Ecol. 36, 2175–2188. doi: 10.1007/s10980-020-01044-2

Fensholt, R., Langanke, T., Rasmussen, K., Reenberg, A., Prince, S. D., Tucker, C.,
et al. (2012). Greenness in semi-arid areas across the globe 1981–2007–an earth
observing satellite based analysis of trends and drivers. Remote Sens. Environ.
121, 144–158.

Fensholt, R., and Proud, S. R. (2012). Evaluation of earth observation based global
long term vegetation trends–comparing GIMMS and MODIS global NDVI
time series. Remote Sens. Environ. 119, 131–147. doi: 10.1016/j.rse.2011.12.015

Feyissa, G., and Gebremariam, E. (2018). Mapping of landscape structure and
forest cover change detection in the mountain chains around Addis Ababa:

Frontiers in Ecology and Evolution | www.frontiersin.org 12 March 2022 | Volume 10 | Article 84443769

http://www.editage.cn
https://doi.org/10.1007/s10980-020-01159-6
https://doi.org/10.1007/s10980-020-01159-6
https://doi.org/10.3390/rs6109895
https://doi.org/10.1016/j.scitotenv.2018.10.077
https://doi.org/10.1016/j.scitotenv.2020.141868
https://doi.org/10.1016/j.scitotenv.2020.141868
https://doi.org/10.1007/s10980-018-0698-9
https://doi.org/10.1007/s10980-018-0698-9
https://doi.org/10.1007/s10980-020-01044-2
https://doi.org/10.1016/j.rse.2011.12.015
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-10-844437 March 10, 2022 Time: 12:30 # 13

Huang et al. Landscape Connectivity of Karst Forestland

the case of Wechecha Mountain, Ethiopia. Remote Sens. Appl. Soc. Environ. 11,
254–264. doi: 10.1016/j.rsase.2018.07.008

Forman, R., and Godron, M. (1986). Landscape Ecology. New York, NY: John Wiley
and Sons Ltd.

Forman, R., and Wilson, E. (1995). Land Mosaics: The Ecology of Landscapes and
Regions. Cambridge: Cambridge University Press.

Gao, F., Li, S., Tan, Z., Wu, Z., Zhang, X., Huang, G., et al. (2021). Understanding
the modifiable areal unit problem in dockless bike sharing usage and exploring
the interactive effects of built environment factors. Int. J. Geogr. Inf. Sci. 35,
1905–1925. doi: 10.1080/13658816.2020.1863410

Gao, J., Du, F., Zuo, L., and Jiang, Y. (2021). Integrating ecosystem services and
rocky desertification into identification of karst ecological security pattern.
Landsc. Ecol. 36, 2113–2133. doi: 10.1007/s10980-020-01100-x

Haider, J. A., Höbart, R., Kovacs, N., Milchram, M., Dullinger, S., Huber, W.,
et al. (2016). The role of habitat, landscape structure and residence time on
plant species invasions in a neotropical landscape. J. Trop. Ecol. 32, 240–249.
doi: 10.1017/s0266467416000158

Healy, M., Hoaglin, D., Mosteller, F., and Tukey, J. (1983). Understanding robust
and exploratory data analysis. Biometrics 39:1126.

Huang, Q., Li, M., Chen, C., Mao, K., Chen, Z., Li, F., et al. (2010). “Assessment of
land degradation in Guizhou Province, Southwest China using AVHRR/NDVI
and MODIS/NDVI data,” in Proceedings of the 2010 18th International
Conference on Geoinformatics (Beijing: Peking University).

Jiang, W., Yuan, L., Wang, W., Cao, R., Zhang, Y., and Shen, W. (2015). Spatio-
temporal analysis of vegetation variation in the Yellow River Basin. Ecol. Indic.
51, 117–126. doi: 10.1016/j.ecolind.2014.07.031

Lagomasino, D., Price, R. M., Whitman, D., Melesse, A., and Oberbauer,
S. F. (2015). Spatial and temporal variability in spectral-based surface
energy evapotranspiration measured from Landsat 5TM across two mangrove
ecotones. Agricult. For. Meteorol. 213, 304–316. doi: 10.1016/j.agrformet.2014.
11.017

LeGrand, H. E. (1973). Hydrological and ecological problems of Karst regions.
Science 179, 859–864. doi: 10.1126/science.179.4076.859

Liao, C., Yue, Y., Wang, K., Fensholt, R., Tong, X., and Brandt, M. (2018).
Ecological restoration enhances ecosystem health in the karst regions of
southwest China. Ecol. Indic. 90, 416–425. doi: 10.1016/j.ecolind.2018.03.036

Lin, J. (2001). The distributed area and the features analysis of karst and non karst
landscape in Guizhou. J. Guizhou Educ. Coll. 12, 43–46.

McRae, B. H. (2006). Isolation by resistance. Evolution 60, 1551–1561. doi: 10.1554/
05-321.1

McRae, B. H., Dickson, B. G., Keitt, T. H., and Shah, V. B. (2008). Using circuit
theory to model connectivity in ecology, evolution, and conservation. Ecology
89, 2712–2724. doi: 10.1890/07-1861.1

Pausas, J. G. (2003). The effect of landscape pattern on Mediterranean vegetation
dynamics: a modelling approach using functional types. J. Veget. Sci. 14,
365–374. doi: 10.1111/j.1654-1103.2003.tb02162.x

Peng, J., Jiang, H., Liu, Q., Green, S. M., Quine, T. A., Liu, H., et al. (2021).
Human activity vs. climate change: distinguishing dominant drivers on LAI
dynamics in karst region of southwest China. Sci. Total Environ. 769:144297.
doi: 10.1016/j.scitotenv.2020.144297

Peng, J., Yang, Y., Liu, Y., Hu, Y. N., Du, Y., Meersmans, J., et al. (2018). Linking
ecosystem services and circuit theory to identify ecological security patterns.
Sci. Total Environ. 644, 781–790. doi: 10.1016/j.scitotenv.2018.06.292

Salgueiro, P. A., Valerio, F., Silva, C., Mira, A., Rabaça, J. E., and Santos,
S. M. (2021). Multispecies landscape functional connectivity enhances local

bird species’ diversity in a highly fragmented landscape. J. Environ. Manag.
284:112066. doi: 10.1016/j.jenvman.2021.112066

Soille, P., and Vogt, P. (2009). Morphological segmentation of binary patterns.
Pattern Recogn. Lett. 30, 456–459.

Taylor, P., Fahrig, L., Henein, K., and Merriam, G. (1993). Connectivity is a
vital element of landscape structure. Oikos 68:571. doi: 10.1093/database/bav
010

Taylor, P., Fahrig, L., and With, K. (2006). Landscape Connectivity: A Return to the
Basics. Cambridge: Cambridge University Press, 29–43.

Tian, Y., Bai, X., Wang, S., Qin, L., and Li, Y. (2017). Spatial-temporal changes of
vegetation cover in Guizhou Province, Southern China. Chin. Geogr. Sci. 27,
25–38. doi: 10.1007/s11769-017-0844-3

Tischendorf, L., and Fahrig, L. (2000). On the usage and measurement of landscape
connectivity. Oikos 90, 7–19. doi: 10.1034/j.1600-0706.2000.900102.x

Uroy, L., Ernoult, A., and Mony, C. (2019). Effect of landscape connectivity on
plant communities: a review of response patterns. Landsc. Ecol. 34, 203–225.
doi: 10.3390/ijerph16214241

Wang, J. F., Li, X. H., Christakos, G., Liao, Y. L., Zhang, T., Gu, X., et al. (2010).
Geographical detectors-based health risk assessment and its application in the
neural tube defects study of the Heshun region, China. Int. J. Geogr. Inf. Sci. 24,
107–127. doi: 10.1080/13658810802443457

Wang, J.-F., Zhang, T.-L., and Fu, B.-J. (2016). A measure of spatial stratified
heterogeneity. Ecol. Indic. 67, 250–256. doi: 10.1016/j.ecolind.2016.02.052

Wang, Y., Wang, S., Li, G., Zhang, H., Jin, L., Su, Y., et al. (2017). Identifying
the determinants of housing prices in China using spatial regression and the
geographical detector technique. Appl. Geogr. 79, 26–36. doi: 10.1016/j.apgeog.
2016.12.003

Williams, M. A., and Baker, W. L. (2012). Spatially extensive reconstructions
show variable-severity fire and heterogeneous structure in historical western
United States dry forests. Glob. Ecol. Biogeogr. 21, 1042–1052. doi: 10.1111/j.
1466-8238.2011.00750.x

Zhang, X., Liao, C., Li, J., and Sun, Q. (2013). Fractional vegetation cover estimation
in arid and semi-arid environments using HJ-1 satellite hyperspectral data. Int.
J. Appl. Earth Observ. Geoinform. 21, 506–512.

Zhu, C., Peng, W., Zhang, L., Luo, Y., Dong, Y., and Wang, M. (2019). Study of
temporal and spatial variation and driving force of fractional vegetation cover
in upper reaches of Minjiang River from 2006 to 2016. Acta Ecol. Sin. 39,
1583–1594.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Huang, Peng, Wang and Chen. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Ecology and Evolution | www.frontiersin.org 13 March 2022 | Volume 10 | Article 84443770

https://doi.org/10.1016/j.rsase.2018.07.008
https://doi.org/10.1080/13658816.2020.1863410
https://doi.org/10.1007/s10980-020-01100-x
https://doi.org/10.1017/s0266467416000158
https://doi.org/10.1016/j.ecolind.2014.07.031
https://doi.org/10.1016/j.agrformet.2014.11.017
https://doi.org/10.1016/j.agrformet.2014.11.017
https://doi.org/10.1126/science.179.4076.859
https://doi.org/10.1016/j.ecolind.2018.03.036
https://doi.org/10.1554/05-321.1
https://doi.org/10.1554/05-321.1
https://doi.org/10.1890/07-1861.1
https://doi.org/10.1111/j.1654-1103.2003.tb02162.x
https://doi.org/10.1016/j.scitotenv.2020.144297
https://doi.org/10.1016/j.scitotenv.2018.06.292
https://doi.org/10.1016/j.jenvman.2021.112066
https://doi.org/10.1093/database/bav010
https://doi.org/10.1093/database/bav010
https://doi.org/10.1007/s11769-017-0844-3
https://doi.org/10.1034/j.1600-0706.2000.900102.x
https://doi.org/10.3390/ijerph16214241
https://doi.org/10.1080/13658810802443457
https://doi.org/10.1016/j.ecolind.2016.02.052
https://doi.org/10.1016/j.apgeog.2016.12.003
https://doi.org/10.1016/j.apgeog.2016.12.003
https://doi.org/10.1111/j.1466-8238.2011.00750.x
https://doi.org/10.1111/j.1466-8238.2011.00750.x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-10-854497 March 8, 2022 Time: 14:32 # 1

ORIGINAL RESEARCH
published: 14 March 2022

doi: 10.3389/fevo.2022.854497

Edited by:
Fan Zhang,

Institute of Geographic Sciences
and Natural Resources Research

(CAS), China

Reviewed by:
Dragos George Zaharescu,

Georgia Institute of Technology,
United States
Fengping Li,

Jilin University, China
Huakun Zhou,

Key Laboratory of Restoration
Ecology in Cold Regions, Northwest

Institute of Plateau Biology (CAS),
China

*Correspondence:
Wen J. Wang

wangwenj@iga.ac.cn

Specialty section:
This article was submitted to

Environmental Informatics
and Remote Sensing,

a section of the journal
Frontiers in Ecology and Evolution

Received: 14 January 2022
Accepted: 21 February 2022

Published: 14 March 2022

Citation:
Wang H, Wang WJ, Wang L,

Ma S, Liu Z, Zhang W, Zou Y and
Jiang M (2022) Impacts of Future

Climate and Land Use/Cover
Changes on Water-Related

Ecosystem Services in Changbai
Mountains, Northeast China.
Front. Ecol. Evol. 10:854497.

doi: 10.3389/fevo.2022.854497

Impacts of Future Climate and Land
Use/Cover Changes on
Water-Related Ecosystem Services
in Changbai Mountains, Northeast
China
Hebin Wang1,2, Wen J. Wang1* , Lei Wang1, Shuang Ma1,3, Zhihua Liu4,
Wenguang Zhang1, Yuanchun Zou1 and Ming Jiang1

1 Northeast Institute of Geography and Agroecology, Chinese Academy of Sciences, Changchun, China, 2 University
of Chinese Academy of Sciences, Beijing, China, 3 Key Laboratory of Geographical Processes and Ecological Security
in Changbai Mountains, Ministry of Education, School of Geographical Sciences, Northeast Normal University, Changchun,
China, 4 CAS Key Laboratory of Forest Ecology and Management, Institute of Applied Ecology, Chinese Academy of
Sciences, Shenyang, China

Sustaining ecosystem services in alpine regions is a pressing global challenge given
future accelerating environmental changes. Understanding how future climate change
and land use/cover change (LUCC) drive ecosystem service will be important in this
challenge. However, few studies have considered the combined effects of future climate
change and LUCC on ecosystem services. We assessed water yield and soil retention
services and their drivers in the Changbai mountains region (CBMR) from the 2020 to
2050s using the Integrated Valuation of Ecosystem Services and Trade-offs (InVEST)
model and factor control experiments. Water yield decreased by 2.80% and soil
retention increased by 6.14% over the 30 years. Climate change decreased water yield
and increased soil retention, while LUCC decreased both water yield and soil retention.
The interactive effects between climate change and LUCC had relatively small inhibitory
effects on water yield and large facilitation effects on soil retention. Changes in water
yield were mainly attributed to climate change, while soil retention was largely influenced
by interaction. Our study highlights the individual and interactive contributions of future
climate change and land use to ecosystem service in the mountains region, which can
provide important information for informed future land management and policy making
for sustaining diverse ecosystem services.

Keywords: water yield, soil retention, future climate change, land use and land cover change, interactive effects,
InVEST model, CLUE-S model

INTRODUCTION

Ecosystem services are benefits that people derive from natural ecosystems, and they act as an
important bridge between natural ecosystems and human well-being (Steffen et al., 2015; Gomes
et al., 2021). Since the twentieth century, the warming climate has triggered extreme weather, and
population expansion and food security have led to urban and cropland expansion. These changes
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have seriously affected ecosystem sustainability, and further led
to the degradation and loss of ecosystem services (Buitenwerf
et al., 2018). Therefore, a greater understanding of future
global change trajectories and their effects on ecosystem services
provided an important basis for future ecosystem management
and decision-making.

Climate change and land use are direct drivers of many
ecosystem services and can affect ecosystem distribution and thus
determine ecosystem services supply (Kuglerová et al., 2020).
Climate change also increases the frequency and severity of
extreme events, such as high-winds and extreme temperature
fluctuations than can alter ecosystem biophysical processes,
and therefore ecosystem services. These events are expected to
become even more serious threat in the next decade (Fezzi
et al., 2015; Daneshi et al., 2021). Land use/cover change (LUCC)
by human-induced directly affects ecosystem composition and
configuration and ultimately their ability to provide ecosystem
services (Fu et al., 2017; Augustynczik and Yousefpour, 2021).
For instance, in alpine regions LUCC significantly affects
ecosystem services through changing carbon balance and water
flow (Lawler et al., 2014). Spatial changes in land use also
have a significant impact on the future provision and location
of ecosystem services (Ricke et al., 2018). Many studies have
used LUCC as a proxy or visual representation of ecosystem
service change to convey potential future development and assess
environmental change (Ladouceur et al., 2021; Zambon et al.,
2021). Numerous modeling studies on changes in ecosystem
services and their contributing factors have been conducted, but
typically they have focused on the independent effects of climate
change or LUCC. Few studies have considered the combined
impacts of climate and land use change on ecosystem services
under future climate change conditions (Runting et al., 2017;
Guo et al., 2020).

Mountains cover 22% of the earth’s surface, are home to 915
million people, and provide a range of important ecosystem
services, such as timber, water supply, and wildlife habitat
(Romeo et al., 2015). Mountains experience higher rates of
temperature rise than lowlands, therefore they are more sensitive
to the effects of climate change, and they are also very susceptible
to land use changes impacts due to their high elevation and
slope, which in turn affect ecosystem function and services
(Kim et al., 2017). Thus, more assessment and monitoring of
ecosystem services in mountain areas are needed to maintain
ecosystem health under increasing environmental change (Egan
and Price, 2017; Bai et al., 2019). The Changbai mountains region
(CBMR) is a dormant active volcano and provides a variety
of ecological services to the region, such as water provision,
habitat, tourism, and carbon sink. It is also the source of the
Songhua River, the largest river in Northeast, and precipitation
runoff from the mountains also provides important recharge for
other local rivers (e.g., Yalu River and Heilongjiang River) (Song
et al., 2020). However, the CBMR environment has experienced
unprecedented climate change (warming and drying) and human
disturbances (e.g., urbanization, reclamation, deforestation),
which have profoundly altered ecosystem structure and function.
Historical climate data and projections indicate that warming and
drying of the CBMR region will become more pronounced in

the future and will be accompanied by more frequent extreme
weather events (Zhang et al., 2021). Additionally, tourism
development and food security-induced urban expansion have
changed the natural trajectory of the LUCC, creating a series of
land and environmental problems such as land degradation and
water pollution (Wang et al., 2021).

To achieve a balance between regional development and
environmental protection in the CBMR, the Chinese government
implemented a series of measures to improve the fragmented
ecological environment [e.g., establishment of a National Nature
Reserve in (1986) (Guo et al., 2014)], and then enacted several
ecological restoration projects [e.g., Grain for Green Project in
(1999) (Cao et al., 2009) and Natural Forest Protection Project in
(2000) (Wei et al., 2014)]. Recent studies have shown that these
land use decisions significantly enhanced the CBMR carbon sink,
and reduced wind-sand erosion (Mao et al., 2019). Some studies
also found increased woodlands cover reduced surface runoff,
which in turn affected downstream water use patterns (Feng
et al., 2022). However, these studies generally focused on past-to-
present changes in ecosystem services, or the effects of ecological
projects on a particular ecosystem service, and do not provide a
comprehensive assessment on the combined impacts of climate
change and land use decisions on ecosystem services under an
uncertain future. Thus, a deeper understanding of how climate
change and policy-driven LUCC affect ecosystem services and
quantifying these drivers can inform future land use decisions
and natural resource management.

We focus on two types ecosystem services in CBMR: water
yield and soil retention services, the quality of them is an
important criterion for assessing the ecological health of alpine
regions. CBMR has high vegetation cover, requires considerable
water for growth, and is highly susceptible to soil erosion
from abundant summer precipitation and steep slope. To better
understanding the combine effects of future climate change and
LUCC on ecosystem services. We first simulated climate change
and LUCC for CBMR in 2050, and then used the InVEST model
to assess water yield and soil retention under future climate
and land use scenarios. We address the following questions in
the CBMR: (1) how do climate and land use change under
high emission scenarios SSP 8.5 and environmental protection
policies, (2) how do ecosystem services change spatially and
temporally, and (3) what are the individual and interactive effects
of future climate and land use changes on water yield and
soil retention?

MATERIALS AND METHODS

Study Area
Changbai mountain region (CBMR) is located in Northeast
China (126.49◦E to 129.64◦E, 41.18◦N to 43.70◦N). It includes
Helong, Linjiang, Fusong, Antu, and Changbai Counties and is
dominated by alpine terrain, with the highest peak in Northeast
China, Baiyun Peak (2, 666 m above sea level). The CBMR land
area is approximately 2.42× 104 km2, accounting for 13% of Jilin
Province, China (Figure 1). CBMR is characterized by a typical
temperate continental monsoonal climate with hot and rainy
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FIGURE 1 | Location, digital elevation model (DEM) and vegetation types (2010) of the Changbai mountains region (CBMR).

summers, and cold and dry winters. Over the past 30 years, the
average annual temperature was 4.38◦C, and the average annual
precipitation was 742 mm (Wang et al., 2020).

Changbai mountain region can be divided into three
watersheds based on terrain and catchment area (Figure 1). The
Songhua River Watershed (SRW) is the largest (about 53.52%),
and its main vegetation types are broadleaf, mixed conifer-
broadleaf, and coniferous forests. The Yalu River Watershed
(YRW) is the smallest (about 24.54%), and its main vegetation
types are broadleaf and coniferous forests. The main vegetation
types in the Tumen River basin (TRW) are broadleaf forests and
annual cropland (Figure 1).

Current Climate and Land Use Data
The meteorological data were obtained from the China
Meteorological Data Sharing Service,1 and included daily
temperature, precipitation, and solar radiation for 2016–2020 at
1 km resolution. Land use data at 30 m resolution for 2020 was
obtained from the National Earth System Science Data Center.2

Digital elevation model (DEM) data were obtained from the U.S.
Geological Survey3 at 90 m resolution.

1http://data.cma.cn/
2http://www.geodata.cn/
3http://www.usgs.gov/
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Future Climate and Land Use Change
Scenarios
We simulated future climate and land use scenarios for the 2050s
(2045–2050). Since the high emission scenario (SSP 8.5) assumes
a business-as-usual-high-end emissions scenario by the end of the
century (Jacob et al., 2014), we used it to assess future climate
change effects. The CLUE-S model was used to determine future
land use based on historical trends, in which ecological protection
policy was the main driving factor.

Future Climate Data
Future climates for the period 2045–2050 were obtained
from the Coupled Model Intercomparison Project (Phase
6).4 We assembled daily precipitation, minimum/maximum
temperature, and radiation data according to predictions
of the CESM1-BGC, CCSM4, CNRM-CM5, FGOALS-g2,
MIROC5, and MRI-CGCM3 global models under the SSP
8.5 scenario, and chosen these six models because they have
been validated to have good applicability in the Changbai
Mountains (Wang et al., 2019). Then, we regionalized it to
1 km resolution for CBMR using the WFR-ARW regional
dynamical model.

Land Use/Cover Change Projections
The CLUE-S (The Conversion of Land Use and its Effects
at Small Region Extent) model was used to simulate land
use/cover in 2050. CLUE-S is a spatially explicit land use
model that simulates dynamic competition between different
land use types. It is based on high-resolution (usually better
than 1 km) spatial image data and is suitable for simulating
land use change at small and medium spatial scales. The
model includes spatial and non-spatial modules. The non-spatial
module calculates land use demand based on the analysis of
natural, social and economic factors. The spatial module uses a
raster system to translate these demands into land use changes
based on probabilities and rules for different land use types
(Verburg et al., 2002).

The model requires three main types of input data: location
suitability, spatial policies and restrictions, and conversion
settings. First, location suitability was determined by quantifying
the relationship between land use/cover patterns and constraints
(Land Management Policies) through logistic regression
(Verburg et al., 2002). Secondly, spatial constraints were used to
limit land use/cover variables by setting woodlands and wetlands
as environmental constraints. Finally, conversion settings were
determined by a land use conversion matrix of past time series.
A detailed description of CLUE-S can be found in Verburg and
Overmars (2009).

We validated model accuracy by comparing simulation results
for 2000, 2010, and 2020 with satellite remote sensing data.
The Kappa index was used to assess the consistency between
the simulation results and remote sensing data (Vliet et al.,
2011). The Kappa index was 0.8554, 0.8827, and 0.8814 in
2000, 2010, and 2020, respectively, which demonstrated that the
CLUE-S simulation results were reliable, selected indexes and

4https://esgf-node.llnl.gov/projects/cmip6/

parameters conformed to requirements, and future simulation
results were in accordance with development trends and had
practical significance.

Integrated Valuation of Ecosystem
Services and Trade-Offs Model
Parameterization
We used the Water Yield module and the Sediment Delivery
Ratio module of the InVEST model to estimate ecosystem
services under current and future scenarios. The Water Yield
module is based on the Budyko curve and the Sediment
Delivery Ratio module is based on the Revised Universal Soil
Loss Equation (RUSLE), which are described in Appendix 1
(Supplementary Material). The InVEST model is mainly based
on spatial data (land use data and climate data) and assesses
the value of ecosystem services through empirical models. Due
to its ease of accessibility and rich functionality, the model
has been widely used in ecological and hydrological studies
(Luetzenburg et al., 2020; Morán-Ordóez et al., 2021). All models
were parameterized and tested at the CBMR (Xiao et al., 2002;
Yu et al., 2018; Li et al., 2019). Table 1 briefly describes the
data sets used to assess the two ecosystem services. Details
of the model parameterization can be found in Appendix 2
(Supplementary Material). The precipitation, temperature, and
reference evapotranspiration datasets were spatially interpolated
for all sites using the ArcGIS 10.3 platform with a spatial
resolution of 1,000 m. A detailed description of the InVEST
model can be found in Sharp et al. (2018).

Experimental Design
We designed a factor control analysis through controlling two
influential factors of climate and land use to assess climate
change, LUCC and their interactive effects on ecosystem services.
We generated four simulation scenarios by integrating climate
and land use scenarios at 2020s (2016–2020) and 2050s (2045–
2050) (Table 2). Then we used the InVEST model to assess water
yield and soil retention under the four simulated scenarios.

We determined the magnitude of effects of climate change
and land use by the difference between the baseline scenario
(Scenario 1) and the climate change only (Scenario 3) or
LUCC only (Scenario 2) scenarios. We determine the combined
climate and land use effects by the difference between the
2050s simulation scenario (Scenario 4) and the baseline scenario
(Scenario 1), and then determined the interactive effects by
subtracting the individual effects of climate change and LUCC
from the combined effects.

RESULTS

Future Climate and Land Use Change
The CBMR climate became warmer and drier from the 2020 to
2050s, with 92% of the area warming, and about 56% showing a
drying trend. Under the high emissions scenario, annual mean
temperature increased from 5.25◦C in the 2020s to 5.57◦C in
the 2050s, an increase of 6.10%, with the most pronounced
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TABLE 1 | Data requirement for the integrated valuation of ecosystem services and trade-offs (InVEST) model (WY, Water Yield module; SDR, Sediment
Delivery Ratio module).

Date Type Resolution Data sources Related module

Land use images Raster 30 m National Earth System Science Data Center (see text footnote 2) WY, SDR

Vegetation images Raster 30 m National Earth System Science Data Center (see text footnote 2) WY, SDR

Precipitation Raster 1 km National Meteorological Information Center (http://data.cma.cn/user/toLogin.html) WY

Reference evapotranspiration Raster 1 km ET0 = 0.0013 × 0.408 × RA ×
(
Taverage + 17

)
× (Tdifferences − 0.0123P)0.76 WY

Soil depth Raster 1 km Harmonized World Soil Database (http://westdc.westgis.ac.cn/data) WY

Plant available water content Raster 30 m PAWC = 0.301 × clay% + 0.369 × silt%+ 0.045 × organic% WY

DEM Raster 90 m U.S. Geological Survey (see text footnote 3) SDR

Rainfall erosivity index Raster 1 km R = 0.067P1.627
d SDR

Soil erodibility Raster 30 m
K = {0.2+ 0.3exp[−0.25sand (1− silt/100)]}

(
silt

clay+silt

)0.3(
1− 0.25 ×organic

organic+exp(3.72−0.95 × organic)

) (
1− 0.7 × sand

sand+exp (−5.51+22.9 × sand)

) SDR

TABLE 2 | Land use and climate scenario settings.

Land use 2020s Land use 2050s

Climate 2020s Scenario 1 Scenario 2

Climate 2050s Scenario 3 Scenario 4

warming in the SRW. A decreasing annual precipitation trend
was significant, lowering from 773 mm in the 2020s to 691 mm
in the 2050s, a decrease of 10.65%. The decrease occurred mainly
in TRW and SRW (Figures 2A,B).

Although the limits of environmental protection constraints
such as the Natural Forest Protection Project in (2000) (Wei
et al., 2014) and the Grain for Green Project in (1999) (Cao
et al., 2009) were considered in the future land use simulation,
significant changes occurred in the CBMR due to human
disturbances. Woodlands, the dominant land cover type would
decrease by 7.79% (1.87 × 103 km2) and be converted mainly
to cropland and grassland, with a significant decrease in SRW.
Croplands, converted from woodland and barren land, would
increase the most at 4.10% (0.98 × 103 km2), mainly in
SRW and YRW. Grasslands, built-lands and wetlands (natural
and artificial) experienced varying degrees of increase, with
2.64% (0.64 × 103 km2), 0.69% (0.16 × 103 km2) and 0.63%
(0.15× 103 km2), respectively (Figures 2C,D).

Ecosystem Service Changes
The CBMR showed a slight decreasing trend in water yield,
from 617 mm/km2 in the 2020s to 600 mm/km2 in the 2050s,
a decrease of 2.80%. The most pronounced decrease was in the
eastern mountains, while the southern mountains showed a slight
increase (Figures 3, 4). Sub-regionally, TRW and SRW showed
decreases in water yield (due to decreased precipitation), of
29 mm/km2 (5.50%) and 37 mm/km2 (5.91%) respectively, while
YRW showed an increase, of 38 mm/km2 (5.53%) (Figures 3, 4).

Soil retention in the CBMR significantly increased (due to the
decreased precipitation and interactive effects), from 390 t/km2

in the 2020s to 414 t/km2 in the 2050s, an increase of 6.14%. The
increases were mainly in the eastern mountains, while decreases
occurred in the northern hills (Figures 3, 4). The largest increase
occurred in the YRW, of 42.98 t/km2 (7.66%), followed by SRW,

of 26.08 t/km2 (8.66%). In the TRW there was a significant
decrease, of 8.23 t/km2 (1.85%) (Figures 3, 4).

Effects of Climate and Land Use
Climate change was the dominant factor affecting water yield
changes in the CBMR, followed by interactive effects and LUCC.
Interactive effects were the most significant driving factor for soil
retention changes, followed by climate change and LUCC.

Individual Effects of Climate and Land Use
Climate change decreased water yield by 9.60 mm/km2 for
the whole region (1.55%) from the 2020s to 2050s, with
most pronounced effects in the southern mountainous area
(Figures 5A, 6). Climate change decreased water yield by 3.50
and 3.63% in the TRW and the SRW, respectively, and increased
water yield by 4.10% in the YRW. Climate change increased soil
retention in the CBMR by 11.17 t/km2 (2.86%) from the 2020
to 2050s, mainly in the northern hills (Figures 5B, 6). Climate
change increased soil retention in TRW and SRW by 1.85 and
6.71%, respectively, while in the YRW decreased by 1.08%.

Land use decreased water yield in the CBMR by 2.90 mm/km2

(0.50%) from the 2020 to 2050s, mainly in the northern hills
(Figures 5A, 6). Land use had negative effects on water yield
for all three watersheds, decreasing by 1.16, 1.60, and 0.63% in
the TRW, SRW, and YRW, respectively. Land use also decreased
soil retention in the CBMR by 8.14 t/km2 (2.08%), mainly in the
southern mountainous region (Figures 5B, 6). Land use effects
decreased soil retention by 2.35 and 6.18% in the TRW and SRW,
respectively, while increasing it by 3.36% in the YRW.

Interactive Effects
Interactive effects between climate change and LUCC had
significant impacts on CBMR future ecosystem services, with
inhibitory effects on water yield and facilitation effects on
soil retention. Interactive effects decreased water yield by
4.36 mm/km2 (0.71%) from the 2020 to 2050s in the CBMR, with
the most pronounced inhibitory effects occurring in the southern
and eastern mountainous region (Figures 5C, 6). Interactive
effects increased soil retention by 20.22 t/km2 (5.17%) from the
2020 to 2050s in the CBMR, mainly in the eastern and southern
mountainous areas (Figures 5D, 6).
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FIGURE 2 | Spatial changes in annual average temperature (A) and annual precipitation (B) and during 2020–2050s, spatial distributions of land use for year 2020
(C) and year 2050 (D).

DISCUSSION

Water yield changes were mainly attributed to climate change,
while soil retention was largely influenced by interactions. Recent
studies noted that precipitation patterns directly determine
water yield, especially in mountainous areas, where precipitation
is the main recharge (Braun et al., 2019). For example, Yin
et al. (2022) found that water yield changes in North China
were more sensitive to precipitation than temperature, and the
changes demonstrated a trend consistent with the precipitation
change from 1995 to 2015. Tirupathi and Shashidhar (2020)

found that a 9.5% precipitation increase led to a doubling
in water yield during 2010–2040 under the Representative
Concentration Pathways scenario 8.5 in the Krishna River
basin of India. Meanwhile, increasing temperature can also
alter evapotranspiration to exacerbate decreasing water yield
(Bai et al., 2020). However, soil retention in mountainous
areas was more susceptible to precipitation intensity due
to the high altitude and slope effects (Soto et al., 2021).
Decreased precipitation can diminish slope erosion and reduce
soil scouring by affecting runoff (Qiu and Turner, 2013;
O’Connor et al., 2019). Although the CBMR has a temperate
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FIGURE 3 | Spatial distributions of water yield and soil retention in 2020 and 2050s and changes during 2020–2050s.

FIGURE 4 | Water yield and soil retention in 2020 and 2050s for the Changbai mountains region (CBMR) and three watersheds (the sign “*” indicated significant
differences at the 0.05 level).

monsoonal continental climate, it is significantly influenced
by topography and humid oceanic air flow. Precipitation
is abundant throughout the year, especially from July to
September (Li et al., 2019). Therefore, future warming and

drying climates will continue to lead to increased soil
retention in the CBMR. This is consistent with southern
Europe, where Mediterranean (Ebro), Alpine (Adige), and
continental (Sava) basins are expected to experience a 20%
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FIGURE 5 | Spatial distributions of the individual effects (A: Water yield; B: Soil retention) and interactive effects (C: Water yield; D: Soil retention) of LUCC and
climate change.

increase in soil retention by 2050 due to a 40% decrease
in water availability caused by climate change and irrigation
(Jorda-Capdevila et al., 2019).

In our future land use simulation (2020–2050s), CBMR land
use conversion area reached 18.20% despite the implementation
of ecological restoration projects. Some studies have found that
land use directly determined vegetation type, which further
influenced surface runoff and evapotranspiration (Khorchania

et al., 2020). The greatest land use changes predicted in our
study were in the TRW and SRW, with a significant shift
from woodlands to grasslands and croplands. These changes
reduced watershed water yield because woodlands have a greater
water storage capacity than other vegetation type (Grimm et al.,
2013). Furthermore, some studies have found that the expanded
croplands, especially an increase in paddy fields led a greater
demand for irrigation, which would directly affect evaporation

Frontiers in Ecology and Evolution | www.frontiersin.org 8 March 2022 | Volume 10 | Article 85449778

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-10-854497 March 8, 2022 Time: 14:32 # 9

Wang et al. Ecosystem Services in Changbai Mountains

FIGURE 6 | The effect sizes of climate change, land use/cover change (LUCC) and their interaction on changes in water yield and soil retention during 2020–2050s
for the Changbai mountains region (CBMR) and three watersheds.

and runoff, in turn decreasing water yield (Cord et al., 2017).
In the TRW and SRW watersheds, future LUCC will similarly
decrease soil retention. This is because in most regions, forest
canopies have a stronger precipitation interception capacity than
grasslands and annual crops, especially in mountainous areas,
while the complex root system of woodlands also increases
soil stability (Felipe-Lucia et al., 2020). For example, compared
to our study, Xia et al. (2021) found that the GFGP project
in the Liaohe River basin of China resulted in soil loss
of 4.33 × 105–2.94 × 105 t/year from 2007 to 2015. In
mountainous areas of Spain, the revegetation of Aragón between
the mid-20th and early 21st centuries led to a significant
increase in water supply (>1,000%) and soil retention (>400%)
(Brunoa et al., 2021).

In the CBMR, climate change interacts with LUCC to
significantly impact ecosystem services, especially soil retention
on the landscape. Predicted future land use change-induced soil
retention primarily occurred in the relatively low elevation of
western and northern flanks, which were most vulnerable to
climate change. Although woodland loss reduced soil retention,
decreases in precipitation-based erodibility interact with the
reduction of surface runoff to enhance soil retention (Morán-
Ordóez et al., 2020). For water yield, future warmer and drier
climates and decreased water holding capacity by ecosystems due
to declining woodlands will exacerbate decreasing water yield
(Krueger et al., 2019). For example, Clerici et al. (2019) used
IPCC-LUCC scenarios to analyze the effects of LUCC and climate
change on water provision and carbon storage in Colombian
Andes from 2016 to 2046. The results showed that climate change
scenarios had a greater impact on water availability than LUCC
scenarios, and the interactive between climate change and LUCC
significantly reduced the water provision.

It should be noted that there were several limitations in
our study. First, our simulations of future climate did not
consider the effects of mountain microclimates, which can
increase climate uncertainty (Bagstad et al., 2013). Secondly,

land use data resolution was 30 m, while the downloaded
and simulated climate data was 1 km resolution, which may
increase uncertainty of the simulation results (Zhang et al.,
2019). However, our simulations predicted the climate and
land use conditions in the CBMR over the next 30 years,
and quantitatively assessed through factor control experiments
the effects of climate and land use individually, interactively
and in combination with ecosystem service changes. Our study
can provide important information for government land use
decisions and natural resource management in response to future
environmental changes.

CONCLUSION

In the CBMR, we assessed water yield, soil retention and the
factors controlling them from the 2020 to 2050s using the InVEST
model and factor control analyses. Water yield decreased and soil
retention increased significantly over the three decades. Climate
change decreased water yield and increased soil retention, while
LUCC decreased both water yield and soil retention. The
interactive effects of climate change and LUCC had relatively
small inhibitory effects on water yield and largely facilitated on
soil retention. Changes in water yield were mainly attributed to
climate change, while soil retention was largely influenced by
interactions. Our results highlight the driver impacts of climate
and land use on ecosystem services and provide important
information for governments to develop land-use and ecological
management policies to tackle future environmental changes.
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Plants have evolved various defense mechanisms to cope with biotic and abiotic
stresses. Cooperation with microorganisms, especially arbuscular mycorrhizal fungi
(AMF), strengthens the defense capabilities of host plants. To explore the effect of
AMF on the growth of Elymus and the defenses against locust feeding, we designed
a two-compartment device to connect or cut the mycelia and roots. We used this to
investigate communication cues and pathways between donor and receiver plants.
We found that AMF significantly increased the nitrogen content and decreased the
carbon to nitrogen (C:N) ratio of donor plants and receiver plants and the carbon
content of both. After the establishment of the common mycorrhizal network (CMN)
with AMF between the two chambers, inoculations of donor plants challenged by
locusts caused enhancement in four defense-related enzymes, namely, lipoxygenase,
polyphenol oxidase, phenylalanine ammonia lyase, and β-1,3-glucanase, in the receiver
plants. The main components of volatile organic compounds emitted by receiver plants
were terpenoids. The findings indicated that AMF could not only improve plant growth
but also activate the defense response of plants to insect feeding. Four defense
enzymes, volatile organic compounds, and carbon and nitrogen content were involved
in the defense response, and the mycelial network could act as a conduit to deliver
communication signals.

Keywords: arbuscular mycorrhizal fungi, plant-insect-microbe interaction, plant evolution, volatile organic
compounds, common mycelial network

INTRODUCTION

Insects and terrestrial plants have cooperated for millions of years. Plants gain protection and
pollination from insect species, and insects gain food from plants (Frew et al., 2017). However,
herbivore feeding sometimes threatens the growth of plants and can lead to plant death (Kong
et al., 2016); hence, plants have evolved mechanisms to sense herbivorous insects and their natural
enemies and rapidly respond to attacks through signaling changes in morphology, physiology, and
biochemistry. Challenged by herbivores, plants innovate evolutionarily with induced responses
evolving into resistance (Karban, 2020). These relationships are regulated by soil microbes
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(Wilkinson et al., 2019), and they affect the soil microbial
communities in return (Rasmann et al., 2017; Tao et al., 2017;
Garzo et al., 2020).

Arbuscular mycorrhizal fungi (AMF) from the phylum
Glomeromycota establish symbiotic associations with 80% of
terrestrial plants (Smith and Smith, 2011; Martin et al., 2017).
This dates to 450 million years ago based on fossil and
phylogenetic research (Smith and Read, 2010). AMF assist host
plants to obtain more nutrients, such as phosphorus (P) and
nitrogen (N), and plants provide carbohydrates to AMF in
the form of sugar and lipids via exchange through arbuscules
(Hodge and Storer, 2015; Hijikata et al., 2016; van der Heijden
et al., 2016). Arbuscules are the primary sites for the exchange
of nutrients between host plants and fungus (Caroline and
Martin, 2013; Luginbuehl and Oldroyd, 2017). The benefits from
AMF facilitate plant growth and strengthen plant resistance by
influencing responses to abiotic stresses, such as drought, salinity,
and extreme temperatures (Aliasgharzad et al., 2006; Mohamed
et al., 2014; Delavaux et al., 2017), and biotic stresses, such as
pathogens, herbivorous insects, and parasitic plants (Pineda et al.,
2010; Cameron et al., 2013). Moreover, modifications of host
plant phenotypes by AM fungi can impact insects affecting the
plants (Meier and Hunter, 2018a; Garzo et al., 2020).

A key characteristic of AMF is the formation of common
mycorrhizal networks (CMNs) by physically linking the
individual roots of con- and heterospecific plants underground
(Simard and Durall, 2004; Song et al., 2019). Symbionts of plants
and mycorrhizae are capable of acquiring nutrients from other
plants through CMNs (Giovannetti et al., 2001). The critical roles
that mycorrhizas play in plant physiology, the production of
primary or secondary metabolism and hormones, are necessary
for individual growth and propagation (Smith and Read, 2010;
Johnson and Gilbert, 2015). Research has demonstrated that
CMNs deliver nutrients to accelerate the growth of adjacent
plants (Smith and Read, 2010; Johnson and Gilbert, 2015),
while also acting as a warning system of herbivore attacks and
pathogens (Babikova et al., 2013; Song et al., 2019).

Volatile organic compounds (VOCs) as chemical signals are
exuded by plants and released into the environment, affecting
plant fitness and development indirectly (Unsicker et al., 2009;
Bilas et al., 2021). Herbivore-induced VOCs emitted by attacked
tissues are specific and stable signals that serve as warning
signals to distant parts of the plant or its neighbors (Maffei,
2010; Tomczak et al., 2016; Hill et al., 2018; Meier and
Hunter, 2018a,b; Velásquez et al., 2020). Plant defenselessness or
resistance to mycorrhiza-induced pathogens and phytophagous
insects has been reported (Gange et al., 2002; Barber, 2013;
Bernaola et al., 2018). The positive (Pineda et al., 2010;
Tomczak et al., 2016; Hill et al., 2018; Meier and Hunter,
2018a; Song et al., 2019) or negative (Vicari et al., 2002;
Wang et al., 2015) effects that mycorrhiza induce have been
documented. However, the ecological interactions that AMF
have on aboveground plant–herbivore interactions in grassland
ecosystems remain to be explored.

Locust outbreaks have occurred in many regions, lead to
unpredictable agricultural outputs, and threaten human well-
being (Cease et al., 2015; Zhang et al., 2019). The Tibetan Plateau,

the highest area in the world, extending over 2.5 million km2,
has suffered severe locusts damage (Cao et al., 2004). Elymus
nutans Griseb. is a perennial, dominant species in the Qinghai-
Tibet Plateau, China (Chu et al., 2016). It plays an important
role in animal husbandry and in the ecological balance of this
region. Despite numerous pieces of evidence indicating AMF-
induced resistance against herbivores (Hill et al., 2018; Frew et al.,
2020; Garzo et al., 2020), the effects of AMF on triggering or
evoking defense against locusts are unclear. The main aim was to
investigate how the inoculation of E. nutans with Funneliformis
mosseae affected the defense mechanisms of the plant against
locusts. We hypothesized that (1) AMF would increase the
concentrations of VOCs and defense enzymes, which enhance the
host plant defense and induce reactions in neighboring plants,
and (2) the CMNs act as the signal pathways.

MATERIALS AND METHODS

Study Organisms and Growth Conditions
Seeds of E. nutans and Elymus sibiricus Linn. were collected from
the Tibetan Autonomous Prefecture of Haibei in Qinghai, China.
It has a typical plateau continental climate and clay loam type
soil. Precipitation is highest between June and September (Wei
et al., 2021). The seeds were surface-sterilized with 10% H2O2 and
rinsed three times before germination (Schweiger et al., 2014);
then, they were sown and grown in a 3:2 mixture of clay and
sand in a climate chamber (20◦C, 12/12 h light/dark, 60–70%
relative humidity). The soil was excavated (0–15 cm depth) in
March 2020. After 2 weeks, 100 individuals (50 of E. nutans and
50 of E. sibiricus) were transferred into square plastic pots (30 cm
length × 24 cm width × 12 cm depth) with a 2:1 mixture of
soil and sand, and then autoclaved at 121◦C for 2 h. They were
stored in the dark at 4◦C for 3 days and then transferred to a
greenhouse (Tomczak et al., 2016). Each pot was watered with
the same volume two times a week (1,800 ml/week/pot). The
inoculum was mixed with the upper layer (3–4 cm) of the soil–
sand mixture. Pots were randomly arranged in the greenhouse
and replaced every 10 days during the growing period.

Funneliformis mosseae was purchased from the Beijing
Academy of Agriculture and Forestry Sciences (No. BGCYN05),
which were propagated with identified fungal spores and white
clover (Trifolium repens) for 16 weeks in pots. The inoculant
used in this experiment was a rhizosphere soil mixture of spores,
extra-rhizome hyphae, and root segments of infected plants
(containing 129 spores/g).

Locusts (Locusta migratoria manilensis) were collected from
Yushu City, which is in the eastern part of Qinghai Province,
China. The locusts were fed on wheat germ (∼16 g/day) and
reared indoors at 28–30◦C, 18/6 h (day/night), and 30–50%
relative humidity (Veenstra et al., 2021). Fifth-instar locusts were
used to attack grown plants (Wang et al., 2019).

Experimental Design
A rectangular pot (20 cm × 12 cm × 15 cm) was divided
into two sections (I and II) using different nylon meshes to
create a 2 cm air gap (Figure 1). Fifty seedlings of E. nutans as
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donor plants and E. sibiricus as receiver plants were planted in
sections I and II, respectively. Six treatments were implemented:
(A) I and II separated by 35-µm nylon mesh to prevent plant
roots from connecting but CMNs were allowed to pass through
(35 µm + AMF); (B) I and II separated by 0.5-µm nylon mesh
to prevent CMNs passing through (0.5 µm + AMF); (C) I and
II blocked with 35-µm nylon mesh to prevent plant roots from
connecting, while CMN could form connections with neighbors.
Then, pots were immediately rotated to snap CMNs before
insects attack (rotated 35 µm + AMF); (D) I and II with no
mesh, allowing donor roots and CMNs to connect with receivers
(0 µm + AMF); (E) I and II separated with 35-µm mesh to
hinder donor and receiver roots interacting and without AMF
inoculation (35 µm + AMF); (F) I and II with no barriers
and AMF inoculation (0 µm + AMF). Treatments A, B, C,
and D had 20 g F. mosseae added in section I, and E and F
were inoculated with 20 g AMF that were autoclaved at 120◦C
for 2 h. All treatments had three replicates. Twelve weeks after
AMF inoculation, the donor plants in section I were treated
with fifth-instar locusts. To avoid donor airborne volatile signals
communicating with receiver plants, we covered all receivers with
polyethylene terephthalate (PET) bags before adult locusts were
fed. Fifth-instar locusts were starved for 24 h before they were
used in the experiment.

Collection of Plant Volatile Organic
Compounds
Volatile organic compounds were collected from all receivers
during the day (10:00–16:00) (Huang et al., 2020) using dynamic
headspace for 24 h after locusts attacked donor plants. The air
was filtered by activated carbon (produced by Beijing Chemical
Reagent Company) and humidified with distilled water. A 50 mg
sample of Porapak Q (80–100 mesh, Waters Corporation,
Ireland) was filled into dried glass narrow tubes (0.5 cm in
diameter and 8.0 cm in length), and both ends of the tubes were
plugged with a clean glass fiber. The dried tower, PET bags,
and Teflon tubes were placed in a constant temperature drying
oven to remove odors. The receiver plants were put in PET bags
(100 cm × 111 cm, which had low volatile emissions under high
temperature and high-intensity light). After the air in the bag was
drawn out by a pump, sampling collection started after 30 min,
and extraction with a flow rate of 300 ml/min was conducted for
6 h for VOC collection. All treatments were repeated three times.
The adsorbent was eluted with 4 ml n-hexane to a 2 ml sample
bottle, and the samples were kept in a refrigerator at –20◦C for
later use (Fontana et al., 2009).

Analysis of Volatile Organic Compounds
Volatile organic compounds were identified with an
Agilent 7890B Gas Chromatograph coupled with
Agilent 7200 MSD spectrometer and a DB-5MS column
(30 m × 0.25 mm × 0.25 µm film, J&W Scientific, Folsom,
CA, United States); the carrier gas was helium at 1 ml/min,
with splitless injection (injection temperature 220◦C, injection
volume 1 µl). The working conditions of gas chromatography
(GC) were as follows. The carrier gas flow rate was 2.0 ml/min.

A two-stage temperature increase method was adopted, with
the initial temperature of 40◦C for 1 min followed by a heating
rate of 5◦C/min to 180◦C, then at 10◦C/min to 270◦C for 2 min.
The working conditions of mass spectrometry (MS) were as
follows: solvent delay 1 min; an electron impact ion source
(EI source) was used; electron energy was 70 eV; interface
temperature was 250◦C; ion source temperature was 220◦C; and
scanning mass range was 40–600 m/z with the scanning time in
0.2 s (Fontana et al., 2009). Volatile compounds were initially
identified by comparing mass spectra with real standards or data
system libraries (NIST 08, National Institute of Standards and
Technology, Gaithersburg, MD, United States, 2008).

Arbuscular Mycorrhizal Fungi
Colonization and Leaf Nitrogen and
Carbon Concentration
Plant Traits
Mycorrhizal Colonization Measurement
Mycorrhizal colonization was examined using the method of
Phillips and Hayman (1970). We collected the random receiver
plant roots from four treatments, washed them in distilled
water to remove soil particles, cut them into 1 cm segments
of ∼1 g, immersed them in 10% KOH, and heated them in
water at 90◦C for 60 min. The root segments were watered to
eliminate the alkali, and the remaining alkali was neutralized in
2% hydrochloric acid. We added 0.05% trypan blue to stain the
root segments, separated them from the acid solution by heating
at 90◦C for 30 min, and then immersed them in the mixture
solution of glycerol/lactic/water acid (1:1:1) to destain for 24 h.
The samples were observed under a regular optical microscope at
40× to examine mycorrhizal colonization (Song et al., 2019).

Mycorrhizal colonization (%) = Number of infected root
bits/Total number of root bits observed× 100%

Leaf Carbon and Nitrogen Measurement
Leaf tissues were milled with a ball mill (Retsch MM400, Retsch,
Haan, Germany); 0.15 g of the sieved plant sample was weighed,
filled into a tin cup, and measured using an elemental analyzer
(Vario MAX CNS, Elementar, Hanau, Germany).

Enzyme Assays
Polyphenol Oxidase Enzyme Extraction and Activity Assays
Leaf samples were collected after the insects were fed and were
held at −20◦C until enzyme extraction and activity assays. Fresh
leaf tissue (0.1 g) was used for the next preparation step for the
crude enzyme extraction. We added 1 ml of extract that was
homogenized in an ice bath, it was centrifuged at 8,000 × g at
4◦C for 10 min using a FastPrep Instrument high-speed benchtop
homogenizer (MP Biomedicals, CA, United States), and we
placed the supernatant on ice to determine its activity. Enzymatic
activities were evaluated by a microplate reader (SpectraMax iD5,
Molecular Devices, San Jose, CA, United States) at 410 nm.

Phenylalanine Ammonia Lyase Enzyme Extraction and
Activity Assays
Fresh leaf tissue (0.1 g) was used for the next preparation step
of the crude enzyme extraction. We added 1 ml of extract to
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FIGURE 1 | Experimental setup.

homogenize it, centrifuged at 10,000 × g at 4◦C for 10 min,
placed the supernatant on ice to determine its activity, used
a plant phenylalanine ammonia lyase (PAL) activity detection
kit for activity determination (Solarbio Science and Technology
Ltd., Beijing, China), and evaluated enzymatic activities using the
microplate reader at 290 nm.

Lipoxygenase Enzyme Extraction and Activity Assays
Fresh leaf tissue (0.1 g) was used for the next preparation step of
the crude enzyme extraction. We added 1 ml extraction solution
for ice bath homogenization, centrifuged at 16,000 × g at 4◦C
for 20 min, and placed it on ice to test its activity. We used
a plant lipoxygenase (LOX) activity detection kit for activity
determination (Solarbio Science and Technology Ltd., Beijing,
China) and evaluated enzymatic activities using the microplate
reader at 234 nm.

β-1,3-Glucanase Enzyme Extraction and Activity Assays
Fresh leaf tissue (0.1 g) was used for the next preparation step
of the crude enzyme extraction. According to the ratio of tissue
quality and an extraction solution of 1:5 or 1:10, we weighed
0.1 g of leaf tissue, added 1 ml of extraction solution for ice
bath homogenization, centrifuged at 16,000 × g at 4◦C for
20 min, and placed the supernatant on ice. We used a plant β-1,3-
glucanase activity detection kit (Solarbio Science and Technology
Ltd., Beijing, China) and evaluated enzymatic activities with the
microplate reader at 410 nm.

Statistical Analysis
Data (means ± SD, n = 3) were analyzed by Analysis of Variance
(ANOVA) using R software version 4.1.0. Plant carbon and

nitrogen content and enzyme activities were analyzed with a
one-way ANOVA in the “agricolae” package of R. The VOC
analysis was run using Microsoft Excel 2010, and the figures were
produced with R and Origin 2018.

RESULTS

Inoculum Availability and Arbuscular
Mycorrhizal Fungi Colonization
Arbuscular mycorrhizal fungi colonization was found in donor
plants, with an average colonization rate of 13.34%. In treatment
A, AMF colonization in the receiver plant was 5.98% (Figures
2A,B) which was significantly lower than the other three
treatments. The mycelial hyphae freely passed through the 35-
µm mesh, and the AMF colonization between the donor and the
receiver plant was roughly the same in treatment B. With no mesh
in treatment C, AMF also colonized in the receiver plants, and
the colonization was significantly higher than that of the other
three groups (P < 0.05). Treatment D was rotated before the
insects were fed, so the donor and receiver plants were connected
with the mycelial hyphae. The colonization rate of receiver plants
was about 8.96%.

Plant Performance
The carbon content of donor plants inoculated with AMF
significantly decreased (Figures 3A,B), while the nitrogen
content increased (P < 0.05). Compared with the control (F),
the carbon content in treatments A, B, C, and D decreased
by 0.91, 0.47, 1.12, and 0.93%, respectively, while the nitrogen
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FIGURE 2 | Mycorrhizal colonization and AMF hyphae of donor and received plants in different treatments. Data are mean ± SD (n = 3); different letters indicate
significant difference (P < 0.05).

content increased by 0.88, 1.64, 1.28, and 1.26%, respectively.
With the presence of CMN, the carbon content of receiver
plants in treatments B and C was significantly lower than that
in treatment A, and the rank among them was A (39.30%) > C
(38.90%) > B (38.54%). The nitrogen content in treatment B
(1.37%) and treatment C (1.32%) was significantly higher than
that in treatment A (0.99%). For non-mycorrhizal plants, the
carbon and nitrogen content of receiver plants with roots (F) was
higher than that of plants without roots (P < 0.05).

Compared with non-mycorrhizal donor plants, mycorrhizal
plants showed a higher carbon to nitrogen (C:N) ratio
(P < 0.05; Figures 4A,B), and the average C:N ratios in
mycorrhizal plants and non-mycorrhizal plants were 40.11
and 42.57, respectively. The receiver plants showed the
same result (P < 0.05). The C:N ratios in the receiver
plants under treatments A and D were significantly higher
than those under other treatments, and the maximum
difference was 14.66%.
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FIGURE 3 | Effects of AMF on C and N content of donor and receiver plants between different treatments. Data are mean ± SD (n = 3).

Defense Enzymes and Volatile Organic
Compounds Affected by Arbuscular
Mycorrhizal Fungi
In comparison with non-mycorrhiza (F), four leaf defense-related
enzymes, namely, PAL, LOX, polyphenol oxidase (PPO), and
β-1,3-glucanase, in the donor plants and receiver plants that

were inoculated with AMF were all higher than those in non-
mycorrhizal plants, and PPO of both had the most significant
differences. Compared with treatments B and C, LOX and PPO
in the receiver plants of treatment A (without AMF hyphae) were
lower. Without root and hyphae connections in treatments D and
E, the activities of the four enzymes in the donor and receiver
plants were similar (Figures 5A–D).
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FIGURE 4 | Effects of AMF on the ratio of C and N content of donor and received plants. Data are mean ± SD (n = 3).

FIGURE 5 | Effects of AMF on enzymes of donor and receiver plants between different treatments. Data are mean ± SD (n = 3).

The main volatile compounds emitted by the receiver plants
were terpenoids (Table 1). Treatment E emitted the most kinds
of volatile compounds, 13 types, whereas Treatment F emitted
the least, eight types. Except for treatment E, the relative content
of acetophenone, 2′,4′- dimethyl-, from other treatments was
the highest. Other treatments did not emit 1,4-diethylbenzene,
p-xylene, and 2- ethyl-, but all had acetophenone, 2′,4′-
dimethyl-, 4-ethylbenzaldehyde, β-cymene, and p-cymene.
Compared with the non-inoculation treatment, AMF increased
acetophenone, 2′,4′- dimethyl-, 4-ethylbenzaldehyde, cumene,
phenethyl alcohol, β-cymene, p-cymene, and 2-phenyl-1-
propanal. For AMF-mediated plants, treatment B and C
connected by hyphae produced eight substances, which
were acetophenone, 2′,4′- dimethyl-, 4-ethylbenzaldehyde,
β-cymene, phenethyl alcohol, p-cymene, 4-ethyltoluene, and
p-propyltoluene. Compared with treatment A, the relative

content of 1-methyl-2-phenylcyclopropane, p-cymene, 2-phenyl-
1-propanal, 4-ethyltoluene, and p-propyltoluene increased in the
other three treatments.

Relationships Between Plant Defense
Traits and Arbuscular Mycorrhizal Fungi
Colonization
The linear regression showed that VOC blends and C:N ratio
varied with AMF colonization (Table 2), but there were no
significant interactions between them and AMF colonization.
Defense enzymes also varied predictably with AMF colonization,
while different from the positive relationships between the other
three enzymes and AMF colonization, β-1,3-glucanase decreased
with increasing AMF colonization (P = 0.33, F = 1.01), showing
the opposite trend. Despite their effects were not very strong,
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TABLE 1 | The concentration of plant volatile organic compounds in received plants.

NO. Compounds Chemical
Abstracts

Service (CAS)

Treatments

A B C D E F

1 Acetophenone, 2′,4′-dimethyl- 89-74-7 34.76% ± 0.01 25.85% ± 0.08 33.28% ± 0.01 36.58% ± 0.02 18.09% ± 0.07 30.18% ± 0.05

2 2,5-Dimethylacetophenone 2142-73-6 18.67% ± 0.05 28.39% ± 0.01 20.76% ± 0.06 23.30% ± 0.04

3 4-Ethylbenzaldehyde. 4748-78-1 2.14% ± 0.00 1.55% ± 0.00 1.44% ± 0.00 0.62% ± 0.00 1.04% ± 0.00

4 Cumene, p-ethyl- 4218-48-8 1.71% ± 0.00 0.66% ± 0.00 1.28% ± 0.00 0.41% ± 0.00

5 1-Methyl-2-phenylcyclopropane 3145-76-4 0.92% ± 0.01 1.63% ± 0.00 1.02% ± 0.01

6 β-Cymene 535-77-3 17.83% ± 0.00 5.77% ± 0.03 13.16% ± 0.03 16.69% ± 0.01 14.67% ± 0.02 12.44% ± 0.03

7 Phenethyl alcohol 60-12-8 2.27% ± 0.00 0.68% ± 0.00 4.04% ± 0.02 0.68% ± 0.00

8 p-Cymenene 1195-32-0 3.67% ± 0.01 1.48% ± 0.01 5.06% ± 0.00 3.49% ± 0.01 3.36% ± 0.01 3.89% ± 0.01

9 2-Phenyl-1-propanal 93-53-8 0.85% ± 0.00 8.76% ± 0.04 0.83 ± 0.00 0.72% ± 0.00

10 Cumene 98-82-8 3.20% ± 0.01 1.48% ± 0.01 0.96% ± 0.01 0.92% ± 0.00

11 Isobutenylbenzene 768-49-0 0.96% ± 0.01 1.04% ± 0.01 2.07% ± 0.00

13 4-Ethyltoluene 622-96-8 0.97% ± 0.01 2.03% ± 0.01 1.04% ± 0.01 0.71% ± 0.00 2.00% ± 0.01

14 p-Propyltoluene 1074-55-1 0.82% ± 0.00 2.55% ± 0.00 0.84% ± 0.00 0.29% ± 0.00

15 p-Cymene 99-87-6 6.46% ± 0.04

17 Isopropyl palmitate 142-91-6 8.04% ± 0.05 5.59% ± 0.03

18 Indane 496-11-7 0.79% ± 0.00

19 Palmitoyl chloride 18919-94-3 0.55% ± 0.00

20 2-Propenal 107-02-8 27.82% ± 0.08

21 p-Xylene, 2-ethyl- 1758-88-9 1.12% ± 0.01

22 1,4-Diethylbenzene 105-05-5 26.07% ± 0.12

Values were mean ± SE (n = 3).

they also indicated that the increase in AMF colonization possibly
influences plant defense.

DISCUSSION

Effects of Arbuscular Mycorrhizal Fungi
on Plant Nutrition Uptake
Our findings showed that AMF inoculation significantly
increased the total nitrogen content and decreased the total
carbon in host plants. This can be explained by the fact that
nearly 25% of the photosynthetic product of the host plant
is supplied to the mycorrhiza (Hobbie, 2006; van der Heijden

TABLE 2 | Results of linear model analyses of the effects of the availability of
arbuscular mycorrhizal fungi (AMF) inoculum on volatile organic compounds
(VOCs) blends, C:N ratio, and defense enzymes.

AMF colonization

F P Slope y Intercept

VOCs blends 0.21 0.66 0.06 6.72

C:N ratio 1.16 0.30 0.30 30.77

PPO 0.32 0.58 6.76 223.17

PAL 0.02 0.89 0.36 100.50

LOX 0.01 0.91 1.23 347.28

β-1,3-glucanase 1.01 0.33 -0.25 13.46

PPO, polyphenol oxidase; PAL, phenylalanine ammonia lyase; LOX, Lipoxygenase.
The P-values indicate statistical significance (P < 0.05).

et al., 2006). Fungal hyphae can explore large volumes of soil,
enter soil pores that are inaccessible to roots (Smith and Read,
1997), transfer nitrogen as arginine or urea from the soil to the
roots of a host plant, and thereby enhance plant accumulation
of nitrogen (Hodge et al., 2010; van der Heijden et al., 2015;
Ingraffia et al., 2021). The C:N ratio in plants is an important
indicator for studying insect resistance (Těšitel et al., 2021).
Healthy and nutrient-rich plants are more resistant to the
feeding of herbivores. By contrast, plants with weaker vitality
and limited resources may be more vulnerable (Löser et al.,
2021). Our findings indicate that the C:N ratios in those receiver
plants with AMF were much higher than those plants with no
inoculations. This is consistent with another study that showed
mycorrhizal symbionts have negative effects on herbivores by
changing the C:N ratio (Getman Pickering et al., 2021), as plants
with higher C:N ratio may reduce their nutritional value and
their attractiveness to herbivores (Bennett et al., 2016; Getman
Pickering et al., 2021). The enhancement of defenses results from
increased nutrient acquisition (Mhlongo et al., 2018) and changes
in defensive trypsin inhibitors (Getman Pickering et al., 2021).

Effects of Arbuscular Mycorrhizal Fungi
on Plant Defense to Insects
Mycorrhizae modify plant traits, including chemical resistance
(Hartley and Gange, 2009). Two signal pathways mediated by
jasmonic acid (JA) and salicylic acid (SA) respond to physical
or biological damage (Zhao et al., 2009). Enzymes such as β-1,3-
glucanase and PAL are key enzymes involved in the biosynthesis
of the signal molecule of SA (Balog et al., 2017). As the final
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enzymes of the main defense pathway, they directly participate
in the synthesis of secondary metabolites related to plant defense
and resistance (Selvaraj et al., 2020). Our results found that AMF
led to an increase in the enzymatic activities of PPO, β-1,3-
glucanase, PAL, and LOX, which has been shown in sweet pepper,
tomato, and potato (Constabel and Barbehenn, 2008; Balog et al.,
2017). Host plants show higher defenses, demonstrating that
inoculation with AMF enhances the resistance of host plants
to insects by improving enzymatic activities (Balog et al., 2017;
Selvaraj et al., 2020). PPO and PAL increase to catalyze the
production of poisonous quinone compounds via cross-linking
proteins and carbohydrates, generating oxygen-free radicals
(Bagy et al., 2019), and reducing the availability of protein
(Selvaraj et al., 2020). The enhancement of melanin through
PPOs can also increase the resistance of the cell wall to insects and
pathogens (Zhao et al., 2009). LOX and PPO catalyze the initial
reaction in the JA biosynthetic pathway, form hydroperoxides
through catalytic reactions, and degrade hydroperoxides into
reactive aldehydes and ketones through chemical reactions and
enzymes (Bruinsma et al., 2009). An increase in PAL can promote
the accumulation of phenolic substances and convert them into
toxic compounds during oxidation (Bhonwong et al., 2009), and
these phenolic substances are generally linked to plant resistances
to insects (Frew et al., 2020).

Volatile organic compounds are important chemical signals
for communication between phytophagous insects and their host
plants (Liu and Brettell, 2019). In the arms race between plants
and herbivores, any herbivore that can suppress plant-induced
defense signals has increased fitness (Bruinsma et al., 2010; Zu
et al., 2020). Plant–plant signals may have a fundamental impact
on mycorrhizal plant–herbivore interactions at the community
level and exert selective pressure on herbivore insects to evolve
antagonistic mechanisms (Gilbert and Johnson, 2015). Plant
compounds are complex mixtures of volatile gases that can
directly repel herbivores and indirectly attract herbivore natural
enemies (Huang et al., 2020). The amount and characteristics
of the emitted plant VOCs vary from species to species
(Zhao et al., 2009).

Various studies have revealed that AMF affect the interactions
between plants and insects. Meier and Hunter (2019) reported
that increasing cardenolides (a toxic substance) generated by
milkweed inoculated with AMF decreased weights and growth
rates of aphids. Velásquez et al. (2020) reported that an increase
in (E)-2-hexenal, 3-hexenal, geraniol, benzaldehyde, and methyl
salicylate associated with plant defenses has been shown in
mycorrhizal plants linked to herbivore attacks. In Plantago
lanceolate L., a large increase in volatile terpenoids mediated
by AMF can assist in indirect defense against herbivore attacks
(Fontana et al., 2009).

Our results showed that receiver plants that were linked
to mycorrhizal donor plants released VOC emissions.
Acetophenone, 2′,4′- dimethyl-, 4-ethylbenzaldehyde,
cumene, phenethyl alcohol, β-cymene, p-cymene, and 2-
phenyl-1-propanal were enhanced by AMF, indicating
that AMF are capable of affecting the concentration and
composition of plant secondary metabolites (Velásquez
et al., 2020). As the most abundant and structurally

diverse volatiles released by plants, terpenoids can drive
interaction among insects, pathogens, and neighboring plants.
Besides their role in direct and indirect defense, terpenoids
affect defense-related signals released by the injured leaf
to undamaged leaves through an internal system or to
nearby plants through an external route (Sharma et al.,
2017). In our study, mycorrhiza significantly improved
and changed the relative content and composition of
VOCs, such as cumene, phenethyl alcohol, 4-ethyltoluene,
β-cymene, and 4-ethylbenzaldehyde. The majority of
VOCs were terpenoids, which are combined with other
compounds (green leaf volatiles, esters, aldehydes, and
aromatic compounds) to enhance resistances (Kigathi
et al., 2013; Kigathi et al., 2019). Among them, cumene
affects the feeding of sucking herbivores (Gras et al., 2005)
and primes defenses in Brassica nigra to white butterflies
(Pashalidou et al., 2020). The specific effects of AMF on
VOC emissions may be due to the differences in carbon
allocation. Further, VOC emissions are mediated by interactions
between plant hormones and secondary defense metabolites
(Meier and Hunter, 2019).

The Signal Pathways of Defense
Responses That Arbuscular Mycorrhizal
Fungi Mediate
Root exudates and the fungal mycelia network mediate
belowground plant communication (Guerrieri et al., 2002).
Root exudates were excluded by a 2-cm gap in our devices,
and our study showed that four defense-related enzymes and
VOC emissions were higher in undamaged receiver plants,
and the defensive substances induced by hyphal connections
performed better compared with the control. This indicated
that the defensive substances produced by the donor plants
in different treatments were mainly transmitted through the
mycelial network, demonstrating the importance of hyphae
connection in the response of the receiver plants to the donor
plants when harmed by insect pests (Barto et al., 2012). Studies
have shown that the mycelial hyphae are a signal conduit
(Babikova et al., 2013; Song et al., 2019). They transmit a
series of signals and compounds between plants and trigger the
response to organisms at various trophic levels (Babikova et al.,
2013, 2014a; Alaux et al., 2020). Defense signals induced by
herbivores can be transferred by a common mycelial network
from injured plants to uninfected neighbors to enhance the
resistance of injured individuals to herbivores and warn adjacent
plants through CMN to prepare for future attacks without direct
contact with herbivores. This early warning system may have
a profound impact on trophic webs (Babikova et al., 2014b),
especially plant–insect interactions (Barto et al., 2012).

Arbuscular mycorrhizal fungi induced host plant resistance
to insects by facilitating the release of PPO, LOX, PAL, and
β-1,3-glucanase and by mediating VOCs and C:N ratios.
The common mycorrhizal network is an important pathway
for transferring defense signals. Our findings showed that
CMNs provide a potential approach for triggering defense
responses in undamaged neighbors. Further studies are
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warranted to validate the extent and nature of the defense
responses to different herbivores.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

XS and KL conceived the study, supervised the writing, and
revised the manuscript. LY led the writing. WZ and YG
contributed sections to the manuscript. All authors read and
approved the final submission.

FUNDING

This study was supported by the National Natural Science
Foundation of China (grant number 31971746), Major Science
and Technology Projects in Qinghai Province (2018-NK-A2),
and the Platform of Adaptive Management on Alpine Grassland-
livestock System (2020-ZJ-T07).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fevo.2022.
833389/full#supplementary-material

Supplementary Figure S1 | The chromatograms of (1-Methylpropyl)benzene.

Supplementary Figure S2 | The chromatograms of 1-Methyl-2-
phenylcyclopropane.

Supplementary Figure S3 | The chromatograms of 2,5-Dimethylacetophenone.

Supplementary Figure S4 | The chromatograms of 2,5-dimethylethylbenzene.

Supplementary Figure S5 | The chromatograms of 2-Phenyl-1-propanal.

Supplementary Figure S6 | The chromatograms of 2-Propenal.

Supplementary Figure S7 | The chromatograms of 4-Acetyl-m-xylene.

Supplementary Figure S8 | The chromatograms of 4-Ethyltoluene.

Supplementary Figure S9 | The chromatograms of Cumene, p-ethyl-.

Supplementary Figure S10 | The chromatograms of Cumene.

Supplementary Figure S11 | The chromatograms of Ethyl-benzaldehyde.

Supplementary Figure S12 | The chromatograms of Isobutenylbenzene.

Supplementary Figure S13 | The chromatograms of Isopropyl palmitate.

Supplementary Figure S14 | The chromatograms of p-Cymene.

Supplementary Figure S15 | The chromatograms of Phenethyl alcohol.

REFERENCES
Alaux, P., Naveau, F., Declerck, S., and Cranenbrouck, S. (2020). Common

mycorrhizal network induced JA/ET genes expression in healthy potato plants
connected to potato plants infected by phytophthora infestans. Front. Plant Sci.
11:602. doi: 10.3389/fpls.2020.00602

Aliasgharzad, N., Neyshabouri, M. R., and Salimi, G. (2006). Effects of
arbuscular mycorrhizal fungi and Bradyrhizobium japonicum on drought
stress of soybean. Biologia 6119, S324–S328. doi: 10.2478/s11756-006-0
182-x

Babikova, Z., Gilbert, L., Bruce, T., Dewhirst, S. Y., Pickett, J. A., and Johnson, D.
(2014a). Arbuscular mycorrhizal fungi and aphids interact by changing host
plant quality and volatile emission. Funct. Ecol. 28, 375–385. doi: 10.1111/1365-
2435.12181

Babikova, Z., Johnson, D., Bruce, T., Pickett, J., and Gilbert, L. (2014b).
Underground allies: how and why do mycelial networks help plants defend
themselves? Bioessays 36, 21–26. doi: 10.1002/bies.201300092

Babikova, Z., Gilbert, L., Bruce, T. J. A., Birkett, M., Caulfield, J. C., Woodcock,
C. M., et al. (2013). Underground signals carried through common mycelial
networks warn neighbouring plants of aphid attack. Ecol. Lett. 16, 835–843.
doi: 10.1111/ele.12115

Bagy, H. M. M. K., Hassan, E. A., Nafady, N. A., and Dawood, M. F. A. (2019).
Efficacy of arbuscular mycorrhizal fungi and endophytic strain Epicoccum
nigrum ASU11 as biocontrol agents against blackleg disease of potato caused
by bacterial strain Pectobacterium carotovora subsp. Atrosepticum PHY7. Biol.
Control 134, 103–113. doi: 10.1016/j.biocontrol.2019.03.005

Balog, A., Loxdale, H. D., Bálint, J., Benedek, K., Szabó, K., Jánosi-Rancz, K. T.,
et al. (2017). The arbuscular mycorrhizal fungus Rhizophagus irregularis affects
arthropod colonization on sweet pepper in both the field and greenhouse. J. Pest
Sci. 90, 935–946. doi: 10.1007/s10340-017-0844-1

Barber, N. A. (2013). Arbuscular mycorrhizal fungi are necessary for the induced
response to herbivores by Cucumis sativus. J. Plant Ecol. 6, 171–176. doi: 10.
1093/jpe/rts026

Barto, E. K., Weidenhamer, J. D., Cipollini, D., and Rillig, M. C. (2012). Fungal
superhighways: do common mycorrhizal networks enhance below ground
communication? Trends Plant Sci. 17, 633–637. doi: 10.1016/j.tplants.2012.06.
007

Bennett, A. E., Millar, N. S., Gedrovics, E., and Karley, A. J. (2016). Plant and
insect microbial symbionts alter the outcome of plant–herbivore–parasitoid
interactions: implications for invaded, agricultural and natural systems. J. Ecol.
104, 1734–1744. doi: 10.1111/1365-2745.12620

Bernaola, L., Cosme, M., Schneider, R. W., and Stout, M. (2018). Belowground
inoculation with arbuscular mycorrhizal fungi increases local and systemic
susceptibility of rice plants to different pest organisms. Front. Plant Sci. 9:747.
doi: 10.3389/fpls.2018.00747

Bhonwong, A., Stout, M. J., Attajarusit, J., and Tantasawat, P. (2009). Defensive role
of tomato polyphenol oxidases against cotton bollworm (Helicoverpa armigera)
and beet armyworm (Spodoptera exigua). J. Chem. Ecol. 35, 28–38. doi: 10.1007/
s10886-008-9571-7

Bilas, R. D., Bretman, A., and Bennett, T. (2021). Friends, neighbours and enemies:
an overview of the communal and social biology of plants. Plant Cell Environ.
44, 997–1013. doi: 10.1111/pce.13965

Bruinsma, M., Posthumus, M. A., Mumm, R., Mueller, M. J., van Loon, J. J. A.,
and Dicke, M. (2009). Jasmonic acid-induced volatiles of Brassica oleracea
attract parasitoids: effects of time and dose, and comparison with induction by
herbivores. J. Exp. Bot. 60, 2575–2587. doi: 10.1093/jxb/erp101

Bruinsma, M., van Broekhoven, S., Poelman, E. H., Posthumus, M. A., Müller, M. J.,
van Loon, J. J., et al. (2010). Inhibition of lipoxygenase affects induction of both
direct and indirect plant defences against herbivorous insects. Oecologia 162,
393–404. doi: 10.1007/s00442-009-1459-x

Cameron, D. D., Neal, A. L., van Wees, S. C. M., and Ton, J. (2013). Mycorrhiza-
induced resistance: more than the sum of its parts? Trends Plant Sci. 18,
539–545. doi: 10.1016/j.tplants.2013.06.004

Cao, G., Tang, Y., Mo, W., Wang, Y., Li, Y., and Zhao, X. (2004). Grazing intensity
alters soil respiration in an alpine meadow on the Tibetan plateau. Soil Biol.
Biochem. 36, 237–243. doi: 10.1016/j.soilbio.2003.09.010

Frontiers in Ecology and Evolution | www.frontiersin.org 10 March 2022 | Volume 10 | Article 83338991

https://www.frontiersin.org/articles/10.3389/fevo.2022.833389/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fevo.2022.833389/full#supplementary-material
https://doi.org/10.3389/fpls.2020.00602
https://doi.org/10.2478/s11756-006-0182-x
https://doi.org/10.2478/s11756-006-0182-x
https://doi.org/10.1111/1365-2435.12181
https://doi.org/10.1111/1365-2435.12181
https://doi.org/10.1002/bies.201300092
https://doi.org/10.1111/ele.12115
https://doi.org/10.1016/j.biocontrol.2019.03.005
https://doi.org/10.1007/s10340-017-0844-1
https://doi.org/10.1093/jpe/rts026
https://doi.org/10.1093/jpe/rts026
https://doi.org/10.1016/j.tplants.2012.06.007
https://doi.org/10.1016/j.tplants.2012.06.007
https://doi.org/10.1111/1365-2745.12620
https://doi.org/10.3389/fpls.2018.00747
https://doi.org/10.1007/s10886-008-9571-7
https://doi.org/10.1007/s10886-008-9571-7
https://doi.org/10.1111/pce.13965
https://doi.org/10.1093/jxb/erp101
https://doi.org/10.1007/s00442-009-1459-x
https://doi.org/10.1016/j.tplants.2013.06.004
https://doi.org/10.1016/j.soilbio.2003.09.010
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-10-833389 March 23, 2022 Time: 11:18 # 11

Yu et al. Mycorrhizae Enhance Plant-Defense and Nutrition

Caroline, G., and Martin, P. (2013). Cell and developmental biology of the
arbuscular mycorrhiza symbiosis. Annu. Rev. Cell Dev. Biol. 29, 593–617.

Cease, A. J., Elser, J. J., Fenichel, E. P., Hadrich, J. C., Harrison, J. F., and Robinson,
B. E. (2015). Living with locusts: connecting soil nitrogen, locust outbreaks,
livelihoods, and livestock markets. BioScience 65, 551–558. doi: 10.1093/biosci/
biv048

Chu, X. T., Fu, J. J., Sun, Y. F., Xu, Y. M., Miao, Y. J., Xu, Y. F., et al. (2016). Effect
of arbuscular mycorrhizal fungi inoculation on cold stress-induced oxidative
damage in leaves of Elymus nutans Griseb. S. Afr. J. Bot. 104, 21–29.

Constabel, C. P., and Barbehenn, R. (2008). “Defensive roles of polyphenol oxidase
in plants,” in Induced Plant Resistance to Herbivory, ed. A. Schaller (Dordrecht:
Springer Netherlands), 253–270.

Delavaux, C. S., Smith Ramesh, L. M., and Kuebbing, S. E. (2017). Beyond
nutrients: a meta-analysis of the diverse effects of arbuscular mycorrhizal fungi
on plants and soils. Ecology 98, 2111–2119. doi: 10.1002/ecy.1892

Fontana, A., Reichelt, M., Hempel, S., Gershenzon, J., and Unsicker, S. B. (2009).
The effects of arbuscular mycorrhizal fungi on direct and indirect defense
metabolites of Plantago lanceolata L. J. Chem. Ecol. 35, 833–843. doi: 10.1007/
s10886-009-9654-0

Frew, A., Powell, J. R., Hiltpold, I., Allsopp, P. G., Sallam, N., and Johnson, S. N.
(2017). Host plant colonisation by arbuscular mycorrhizal fungi stimulates
immune function whereas high root silicon concentrations diminish growth
in a soil-dwelling herbivore. Soil Biol. Biochem. 112, 117–126. doi: 10.1016/j.
soilbio.2017.05.008

Frew, A., Powell, J. R., and Johnson, S. N. (2020). Aboveground resource allocation
in response to root herbivory as affected by the arbuscular mycorrhizal
symbiosis. Plant Soil 447, 463–473. doi: 10.1007/s11104-019-04399-x

Gange, A. C., Stagg, P. G., and Ward, L. K. (2002). Arbuscular mycorrhizal fungi
affect phytophagous insect specialism. Ecol. Lett. 5, 11–15. doi: 10.1046/j.1461-
0248.2002.00299.x

Garzo, E., Rizzo, E., Fereres, A., and Gomez, S. K. (2020). High levels of
arbuscular mycorrhizal fungus colonization on Medicago truncatula reduces
plant suitability as a host for pea aphids (Acyrthosiphon pisum). Insect Sci. 27,
99–112. doi: 10.1111/1744-7917.12631

Getman Pickering, Z. L., Stack, G. M., and Thaler, J. S. (2021). Fertilizer quantity
and type alter mycorrhizae-conferred growth and resistance to herbivores.
J. Appl. Ecol. 58, 931–940. doi: 10.1111/1365-2664.13833

Gilbert, L., and Johnson, D. (2015). Plant-mediated ’apparent effects’ between
mycorrhiza and insect herbivores. Curr. Opin. Plant Biol. 26, 100–105. doi:
10.1016/j.pbi.2015.06.008

Giovannetti, M., Fortuna, P., Citernesi, A. S., Morini, S., and Nuti, M. P. (2001). The
occurrence of anastomosis formation and nuclear exchange in intact arbuscular
mycorrhizal networks. New Phytol. 151, 717–724. doi: 10.1046/j.0028-646x.
2001.00216.x

Gras, E. K., Read, J., Mach, C. T., Sanson, G. D., and Clissold, F. J. (2005).
Herbivore damage, resource richness and putative defences in juvenile versus
adult Eucalyptus leaves. Austral. J. Bot. 53:33. doi: 10.1071/BT04049

Guerrieri, E., Poppy, G. M., Powell, W., Rao, R., and Pennacchio, F. (2002).
Plant-to-plant communication mediating in-flight orientation of Aphidius ervi.
J. Chem. Ecol. 28, 1703–1715.

Hartley, S. E., and Gange, A. C. (2009). Impacts of plant symbiotic fungi on
insect herbivores: mutualism in a multitrophic context. Annu. Rev. Entomol.
54, 323–342.

Hijikata, N., Murase, M., Tani, C., Ohtomo, R., Osaki, M., and Ezawa, T. (2016).
Polyphosphate has a central role in the rapid and massive accumulation of
phosphorus in extraradical mycelium of an arbuscular mycorrhizal fungus. New
Phytol. 2, 285–289.

Hill, E. M., Robinson, L. A., Abdul-Sada, A., Vanbergen, A. J., Hodge, A., and
Hartley, S. E. (2018). Arbuscular mycorrhizal fungi and plant chemical defence:
effects of colonisation on aboveground and belowground metabolomes.
J. Chem. Ecol. 44, 198–208. doi: 10.1007/s10886-017-0921-1

Hobbie, E. A. (2006). Carbon allocation to ectomycorrhizal fungi correlates with
belowground allocation in culture studies. Ecology 87, 563–569. doi: 10.1890/
05-0755

Hodge, A., Helgason, T., and Fitter, A. H. (2010). Nutritional ecology of arbuscular
mycorrhizal fungi. Fungal Ecol. 3, 267–273. doi: 10.1016/j.funeco.2010.02.002

Hodge, A., and Storer, K. (2015). Arbuscular mycorrhiza and nitrogen:
implications for individual plants through to ecosystems. Plant Soil 386, 1–19.
doi: 10.1007/s11104-014-2162-1

Huang, D., Sun, M., Han, M., Zhang, Z., Miao, Y., Zhang, J., et al. (2020). Volatile
organic compounds (VOCs) regulate the spatial distribution of Lepidoptera
insects in an orchard ecosystem. Biol. Control 149:104311. doi: 10.1016/j.
biocontrol.2020.104311

Ingraffia, R., Saia, S., Giovino, A., Amato, G., Badagliacca, G., Giambalvo, D., et al.
(2021). Addition of high C:N crop residues to a P-limited substrate constrains
the benefits of arbuscular mycorrhizal symbiosis for wheat P and N nutrition.
Mycorrhiza 31, 441–454. doi: 10.1007/s00572-021-01031-8

Johnson, D., and Gilbert, L. (2015). Interplant signalling through hyphal networks.
New Phytol. 205, 1448–1453. doi: 10.1111/nph.13115

Karban, R. (2020). The ecology and evolution of induced responses to herbivory
and how plants perceive risk. Ecol. Entomol. 45, 1–9. doi: 10.1111/een.12771

Kigathi, R. N., Weisser, W. W., Reichelt, M., Gershenzon, J., and Unsicker, S. B.
(2019). Plant volatile emission depends on the species composition of the
neighboring plant community. BMC Plant Biol. 19:58. doi: 10.1186/s12870-
018-1541-9

Kigathi, R. N., Weisser, W. W., Veit, D., Gershenzon, J., and Unsicker, S. B. (2013).
Plants suppress their emission of volatiles when growing with conspecifics.
J. Chem. Ecol. 39, 537–545. doi: 10.1007/s10886-013-0275-2

Kong, H. G., Kim, B. K., Song, G. C., Lee, S., and Ryu, C. (2016). Aboveground
whitefly infestation-mediated reshaping of the root microbiota. Front.
Microbiol. 7:1314. doi: 10.3389/fmicb.2016.01314

Liu, H., and Brettell, L. E. (2019). Plant defense by VOC-induced microbial
priming. Trends Plant Sci. 24, 187–189. doi: 10.1016/j.tplants.2019.
01.008

Löser, T. B., Mescher, M. C., De Moraes, C. M., Maurhofer, M., and Rudi, K. (2021).
Effects of root-colonizing fluorescent Pseudomonas strains on arabidopsis
resistance to a pathogen and an herbivore.Appl. Environ.Microbiol. 87:e283120.
doi: 10.1128/AEM.02831-20

Luginbuehl, L. H., and Oldroyd, G. E. D. (2017). Understanding the arbuscule at
the heart of endomycorrhizal symbioses in plants. Curr. Biol. 17, 952–963.

Maffei, M. E. (2010). Sites of synthesis, biochemistry and functional role
of plant volatiles. S. Afr. J. Bot. 76, 612–631. doi: 10.1016/j.sajb.2010.
03.003

Martin, F. M., Uroz, S., and Barker, D. G. (2017). Ancestral alliances: plant
mutualistic symbioses with fungi and bacteria. Science 6340:d4501.

Meier, A. R., and Hunter, M. D. (2018a). Mycorrhizae alter toxin sequestration and
performance of two specialist herbivores. Front. Ecol. Evol. 6:33. doi: 10.3389/
fevo.2018.00033

Meier, A. R., and Hunter, M. D. (2018b). Arbuscular mycorrhizal fungi mediate
herbivore-induction of plant defenses differently above and belowground.Oikos
127, 1759–1775. doi: 10.1111/oik.05402

Meier, A. R., and Hunter, M. D. (2019). Mycorrhizae alter constitutive and
herbivore-induced volatile emissions by milkweeds. J. Chem. Ecol. 45, 610–625.
doi: 10.1007/s10886-019-01080-6

Mhlongo, M. I., Piater, L. A., Madala, N. E., Labuschagne, N., and Dubery, I. A.
(2018). The chemistry of plant–microbe interactions in the rhizosphere and
the potential for metabolomics to reveal signaling related to defense priming
and induced systemic resistance. Front. Plant Sci. 9:112. doi: 10.3389/fpls.2018.
00112

Mohamed, A. A., Eweda, W. E. E., Heggo, A. M., and Hassan, E. A. (2014). Effect
of dual inoculation with arbuscular mycorrhizal fungi and sulphur-oxidising
bacteria on onion (Allium cepa L.) and maize (Zea mays L.) grown in sandy soil
under greenhouse conditions. Ann. Agric. Sci. 59, 109–118. doi: 10.1016/j.aoas.
2014.06.015

Pashalidou, F. G., Eyman, L., Sims, J., Buckley, J., Fatouros, N. E., De Moraes,
C. M., et al. (2020). Plant volatiles induced by herbivore eggs prime defences
and mediate shifts in the reproductive strategy of receiving plants. Ecol. Lett. 7,
1097–1106.

Phillips, J. M., and Hayman, D. S. (1970). Improved procedures for clearing roots
and staining parasitic and vesicular-arbuscular mycorrhizal fungi for rapid
assessment of infection. Trans. Br. Mycol. Soc. 55:158. doi: 10.1016/S0007-
1536(70)80110-3

Frontiers in Ecology and Evolution | www.frontiersin.org 11 March 2022 | Volume 10 | Article 83338992

https://doi.org/10.1093/biosci/biv048
https://doi.org/10.1093/biosci/biv048
https://doi.org/10.1002/ecy.1892
https://doi.org/10.1007/s10886-009-9654-0
https://doi.org/10.1007/s10886-009-9654-0
https://doi.org/10.1016/j.soilbio.2017.05.008
https://doi.org/10.1016/j.soilbio.2017.05.008
https://doi.org/10.1007/s11104-019-04399-x
https://doi.org/10.1046/j.1461-0248.2002.00299.x
https://doi.org/10.1046/j.1461-0248.2002.00299.x
https://doi.org/10.1111/1744-7917.12631
https://doi.org/10.1111/1365-2664.13833
https://doi.org/10.1016/j.pbi.2015.06.008
https://doi.org/10.1016/j.pbi.2015.06.008
https://doi.org/10.1046/j.0028-646x.2001.00216.x
https://doi.org/10.1046/j.0028-646x.2001.00216.x
https://doi.org/10.1071/BT04049
https://doi.org/10.1007/s10886-017-0921-1
https://doi.org/10.1890/05-0755
https://doi.org/10.1890/05-0755
https://doi.org/10.1016/j.funeco.2010.02.002
https://doi.org/10.1007/s11104-014-2162-1
https://doi.org/10.1016/j.biocontrol.2020.104311
https://doi.org/10.1016/j.biocontrol.2020.104311
https://doi.org/10.1007/s00572-021-01031-8
https://doi.org/10.1111/nph.13115
https://doi.org/10.1111/een.12771
https://doi.org/10.1186/s12870-018-1541-9
https://doi.org/10.1186/s12870-018-1541-9
https://doi.org/10.1007/s10886-013-0275-2
https://doi.org/10.3389/fmicb.2016.01314
https://doi.org/10.1016/j.tplants.2019.01.008
https://doi.org/10.1016/j.tplants.2019.01.008
https://doi.org/10.1128/AEM.02831-20
https://doi.org/10.1016/j.sajb.2010.03.003
https://doi.org/10.1016/j.sajb.2010.03.003
https://doi.org/10.3389/fevo.2018.00033
https://doi.org/10.3389/fevo.2018.00033
https://doi.org/10.1111/oik.05402
https://doi.org/10.1007/s10886-019-01080-6
https://doi.org/10.3389/fpls.2018.00112
https://doi.org/10.3389/fpls.2018.00112
https://doi.org/10.1016/j.aoas.2014.06.015
https://doi.org/10.1016/j.aoas.2014.06.015
https://doi.org/10.1016/S0007-1536(70)80110-3
https://doi.org/10.1016/S0007-1536(70)80110-3
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-10-833389 March 23, 2022 Time: 11:18 # 12

Yu et al. Mycorrhizae Enhance Plant-Defense and Nutrition

Pineda, A., Zheng, S., van Loon, J. J. A., Pieterse, C. M. J., and Dicke, M. (2010).
Helping plants to deal with insects: the role of beneficial soil-borne microbes.
Trends Plant Sci. 15, 507–514. doi: 10.1016/j.tplants.2010.05.007

Rasmann, S., Bennett, A., Biere, A., Karley, A., and Guerrieri, E. (2017). Root
symbionts: powerful drivers of plant above- and belowground indirect defenses.
Insect Sci. 24, 947–960. doi: 10.1111/1744-7917.12464

Schweiger, R., Baier, M. C., and Mueller, C. (2014). Arbuscular Mycorrhiza-
Induced shifts in foliar metabolism and photosynthesis mirror the
developmental stage of the symbiosis and are only partly driven by
improved phosphate uptake. Mol. Plant Microbe Interact. 27, 1403–1412.
doi: 10.1094/MPMI-05-14-0126-R

Selvaraj, A., Thangavel, K., and Uthandi, S. (2020). Arbuscular mycorrhizal
fungi (Glomus intraradices) and diazotrophic bacterium (Rhizobium
BMBS) primed defense in blackgram against herbivorous insect (Spodoptera
litura) infestation. Microbiol. Res. 231:126355. doi: 10.1016/j.micres.2019.12
6355

Sharma, E., Anand, G., and Kapoor, R. (2017). Terpenoids in plant and arbuscular
mycorrhiza-reinforced defence against herbivorous insects.Ann. Bot. 119:w263.
doi: 10.1093/aob/mcw263

Simard, S. W., and Durall, D. M. (2004). Mycorrhizal networks: a review of their
extent, function, and importance. Can. J. Bot. 82, 1140–1165. doi: 10.1139/B04-
116

Smith, F. A., and Smith, S. E. (2011). What is the significance of the arbuscular
mycorrhizal colonisation of many economically important crop plants. Plant
Soil 348, 63–79.

Smith, S. E. and Read, D. J. (1997) Mycorrhizal symbiosis. 2nd Edition, San Diego:
Academic Press.

Smith, S. E., and Read, D. J. (2010). Mycorrhizal Symbiosis. London: Academic
Press.

Song, Y., Wang, M., Zeng, R., Groten, K., and Baldwin, I. T. (2019). Priming and
filtering of antiherbivore defences among Nicotiana attenuata plants connected
by mycorrhizal networks. Plant Cell Environ. 42, 2945–2961. doi: 10.1111/pce.
13626

Tao, L., Hunter, M. D., and de Roode, J. C. (2017). Microbial root mutualists
affect the predators and pathogens of herbivores above ground: mechanisms,
magnitudes, and missing links. Front. Ecol. Evol. 5:160. doi: 10.3389/fevo.2017.
00160
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Lucid waters and lush mountains are invaluable assets. The countryside is an important
carrier of these assets, and rural revitalization is a national strategy to meet the needs of the
people. This study constructs the framework system for improving the efficiency of
resource utilization, refining the effect of urban–rural integration, and optimizing the
efficiency of industrial development for increasing farmers’ income. The challenges
facing rural revitalization are clarified, especially including limited space for the growth
of cultivated land quantity and significant challenges for quality improvement, insufficient
effective supply of labor resources, uneven spatial distribution of water resources, low
utilization efficiency of agricultural water resources, and so on. Finally, it puts forward the
possible direction of future policies for rural revitalization, which is mainly reflected in the
transformation of resource utilization efficiency improvement from single element to multi-
element, the development of an urban–rural integration effect from extensive to lean, and
the optimization of the industrial enrichment efficiency from management to
comprehensive service. The analytical framework of resource utilization, urban–rural
integration development, and industrial enrichment will provide regulatory policies and
theoretical support for the flow of urban–rural factors.

Keywords: rural revitalization, resource guarantee, integrated urban–rural development, prosperous industrial
development, people enrichment, framework

INTRODUCTION

Lucid waters and lush mountains are invaluable assets, and rural revitalization is an important
concept for the development of China’s ecological civilization put forward by Chinese communists
after a century of development practice. It is a vivid expression of the dialectical and unified
relationship between economic development and ecological protection and is a Chinese solution for
the sustainable development of the world (Liu et al., 2020). As one of the most important carriers of
lucid waters and lushmountains, the countryside is the distribution center of these resources, and the
rural revitalization strategy must practice the concept of these resources being invaluable assets
(Yuan et al., 2018). China’s socialist construction has entered the second centenary goal. Xi Jinping,
the general secretary of the Communist Party of China (CPC) Central Committee, pointed out that
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“the key to moderate prosperity is fellow-villagers,” the
foundation of the construction of a moderately prosperous
society and a modern country is in agriculture, the difficulties
are in the countryside, and the key is in the peasants. To this end,
under the strategic framework of rural revitalization, it is
important to clarify the framework, challenges, and policy
directions for resource utilization, urban–rural integration
development, and industrial enrichment (Liu et al., 2020).
From the perspective of the actual development situation,
clarifying the framework of resource utilization, urban–rural
integration development, and industrial enrichment can
fundamentally solve the “three rural” problems to achieve the
“three lives” coordination of production, life, and ecology and
promote agriculture, the processing industry, and modern service
industry. In 2021, the total output value of agriculture, forestry,
animal husbandry, and fishery reached 9,286.34 billion yuan.
Among them, the total output value of agriculture was 4,667.11
billion yuan, of forestry was 384.13 billion yuan, of animal
husbandry was 2,832.90 billion yuan, and of fishery was
912.96 billion yuan. The total national grain output reached
1,365.7 billion jin—an increase of 26.7 billion jin over the
previous year, an increase of 2% year-on-year, and remained
at 1.3 for seven consecutive years. The national grain sowing area
was 1.764 billion mu, an increase of 12.95 million mu over the
previous year, an increase of 0.7% year-on-year, and maintained a
growth trend for two consecutive years. The 14th Five-Year Plan
period is an important stage for China to base itself on a new stage
of development, implement the new development concept, build
a new development pattern, promote high-quality development,
and promote common prosperity. From the perspective of
research needs, to accelerate the realization of rural
revitalization, (Elahi et al., 2021) it is necessary to optimize the
layout of resource utilization, clarify the integration path of the
primary, secondary, and tertiary industries in rural areas, and
identify the industrial system schemes for enriching the people.

LITERATURE REVIEW

The concept of resources arises from the development of the
discipline of economics (Wackernagel and Galli, 2007). A
resource is the general term for the creation of all human
wealth. At the same time, since human beings create many
resources, they are the products of the combination of nature,
human beings, and culture (science and technology). Resources
are a dynamic historical category. With the deepening of the
human cognition and utilization level, the evolution of resources
gradually shows the characteristics from natural resources to
physical resources, from living resources to means of production,
and from physical resources to non-physical resources (Rahim
et al., 2014). For a long time, a variety of cognitions have been
formed around natural resources and their classification. The
Great British Encyclopedia states that human beings can use
natural products, and the environmental elements that
produce these components are collectively referred to as
resources. UNESCO proposes that natural resources are
obtained from the natural environment and used by human

beings. The United Nations Environment Programme (UNEP)
notes that natural resources are substances that, at a certain time,
place, and technical level, can generate economic value and
provide natural factors and conditions for the present and
future welfare of human beings (Zhong et al., 2020). Natural
resources are available to human beings and are the material basis
for human survival and development. Natural resources include
land, water, minerals, biology, climate, and oceans (Elahi et al.,
2021). Resource-related research has received widespread
attention in political, economic, social, cultural, and other
fields, and targeted research has gradually developed into
theories of resource allocation and dependence (Todorovic et
al., 2018). The specific theoretical debate on the use of resources
revolved around efficiency and fairness, condensing the theory of
efficiency priority, fairness priority, and efficiency and fairness
(Satterthwaite et al., 2010; Fridrihsone et al., 2020). Marx pointed
out in Das Kapital that the increase in the productivity of labor
was achieved by shortening the socially necessary labor time for
the production of a certain product. From this idea, efficiency was
the process of creating more resource values with shorter social
labor time (Hassan et al., 2019). Arthur believed that efficiency
characterized the maximum output from a given input, and the
efficiency of resource utilization needed to focus more on effective
allocation (Jedwab et al., 2017). Fairness involves a broader
concept, encompassing both intragenerational equity and
intergenerational equity. Intragenerational fairness is the
equality of resource utilization rights and opportunities, and
intergenerational fairness is the equality of resource utilization
opportunities in the present and future generations. According to
the different standards of identification efficiency, the Pareto
optimality, impossibility theorem, Pigou theory, Kaldor–Hicks
theory, and Samuelson test have appeared in academic debates
(Ke et al., 2012).

Globally, the transformation of urban–rural relations is a real
challenge that all developing countries need to face, and China is
no exception (MacLean and Gudelj, 2006). Since the founding of
New China, urban–rural relations have gradually changed along
with the development of the socialist cause, and the urban–rural
relations at different stages have promoted the modernization of
the country. The urban–rural relations are entering the stage of
“urban–rural integration” after experiencing the development
stages of “supporting the city with the countryside” and
“leading the countryside by the city.” Marx and Engels applied
the methodology of historical materialism to reveal the historical
trend of separation, opposition, and integration of urban–rural
relations. The increasing separation of urban and rural areas
results from the role of productive forces and production
relations (Costa et al., 2018). Along with the improvement of
productive forces, the relationship between urban and rural areas
will gradually move from separation and opposition to
integration, and only by realizing the integration of urban and
rural areas can we promote the all-round development of the
people. Urban–rural integration is the only way to solve the main
contradiction based on socialist characteristics. In its
development process, it combines historical trends, value
orientations, and ultimate goals. At present, there are fewer
domestic and foreign resources and environmental
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management frameworks (Wang and Zhao, 2021), and the
existing resources are only a single resource, such as water
resources. With the expansion of research elements, the
framework of the collaborative management of resources has
also been extended, such as the water–food–energy management
framework (Han et al., 2018), the water–food–ecological
association, and the earth boundary concept framework.
However, the theoretical system of resources and
environmental policies and management that integrates
resource utilization, urban–rural integration development, and
industrial enrichment needs to be studied.

ANALYTICAL FRAMEWORK

Industrial enrichment is inseparable from the development of
rural industries, which is the foundation to achieve the
strategic goals and tasks of rural revitalization and
agricultural and rural modernization in 2035. In 1990, Xi
Jinping systematically expounded the “large agriculture
concept” in Out of a Road to Develop Large Agriculture,
pointing out that large agriculture is a three-dimensional
agricultural development toward multi-functional, open,
and comprehensive development. The top-level goals of
resource utilization, urban–rural integration development,
and the industrial enrichment framework are efficiency
improvement (Zeng et al., 2020), effect improvement, and
efficiency optimization (Bai and Tao, 2017). Its
development involves multi-scale model simulation, multi-
element mechanism analysis, multi-process role inversion,
and multi-dimensional path exploration.

Guaranteed Resource and Its Utilization
Efficiency
The guaranteed resource is a fundamental support for
urban–rural integration and industrial enrichment. In
Agriculture and Industrialization, it is pointed out that the
grain is the main factor in determining the location of
industry, commerce, and other economic activities. With
the change of technology and economic conditions, other
resources have partially replaced the positioning of food in
terms of resources, but before or after the Industrial
Revolution, food resources still play a pivotal role. As a key
area of grain production, the primary resource guarantee
function of the countryside is the supply guarantee
function of agricultural products (Deng and Gibson, 2019).
Since the founding of the People’s Republic of China, China’s
food guarantee capacity has been steadily improved due to the
state’s supportive policies for food production. With the
improvement of living standards, people need higher
quality agricultural products for a better life, which also
puts forward a new proposition for rural resource
protection, not only to ensure quantity but also to ensure
quality, and to produce products that meet the needs of the
people (Qu et al., 2021). For the rural revitalization strategy,
the resource items involved in resource guarantee are

diverse—including core elements such as labor, capital,
water, and soil and more important resources such as the
technology, virtual water, virtual soil, and hidden
carbon—which are all indispensable in the process of
realizing rural revitalization. Efficiency improvement is the
core essence of resource guarantee, and clarifying the different
resource guarantee roads for rural revitalization is the primary
goal of the framework. “Efficiency” is a complex, dynamic
concept; its management perspective is the ratio relationship
between various input resources and outputs at a specific time,
and it is inversely proportional to inputs and proportional to
outputs (Guo et al., 2020). The improvement of supply-side
efficiency is moving toward high-quality agricultural
products, effectively promoting the transformation of the
agricultural industry, and embarking on a standardized,
large-scale, and green path (Li et al., 2021). In the
transformation process, the improvement of the resource
utilization efficiency is the primary goal (Gołaś et al.,
2020). The improvement of demand-side efficiency is
moving toward the integration of primary, secondary, and
tertiary industries, promoting the optimal allocation of
production factors among industries, regions, and
agricultural entities, improving rural resource guarantee
capabilities (Ji and Hoti, 2021), and proposing a Chinese
system and plan under the multiple goals of food security,
nutritional security, and resource and environmental
constraints.

Integrated Development of Urban and Rural
Areas and Its Effect Improvement
The integration of urban and rural areas is the path of
resource guarantee and industrial enrichment. The
Opinions of the CPC Central Committee and the State
Council on Establishing and Improving the System and
Policy System for the Integration of Urban and Rural
Development points out that the integrated development of
urban and rural areas is the only way for rural revitalization
and agricultural and rural modernization. Rural revitalization
is inseparable from various resources and elements.
Urban–rural integration is characterized by the free flow of
urban and rural elements, equal exchange, and rational
allocation of public resources. The relationship between
urban and rural areas is reconstructed through integration.
The integrated development of urban and rural areas is the
main driving force for breaking the contradiction between
urban and rural areas, and it is also an important symbol of
agricultural modernization. Effect improvement is an
important issue of urban–rural integration; urban–rural
integration has no template, especially in provinces with
large differences in natural endowments and uneven
development. Therefore, it is necessary to clarify the
shortcomings of urban–rural integration and break the
unequal barrier between resources and factors for regional
development characteristics. Effect improvement aims to
restrict the integration of urban and rural primary,
secondary, and tertiary industries, focusing on changing
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the long-term unbalanced resource allocation mode, carrying
out integration effect evaluation, exploring the overall
management of resources, and revitalizing resources.

Strategy of Industrial Enrichment and Its
Optimization Management
Industrial enrichment is the purpose of resource utilization
and urban–rural integration, and these, in turn, are ultimately
for the realization of industrial enrichment. The purpose of
industrial prosperity is also to achieve industrial enrichment;
whether it is the integrated development of the primary,
secondary, and tertiary industries in rural areas or the
realization of the development path of industrial ecology
and ecological industrialization, it is constantly exploring
the road to enrich the people in rural industries and
achieving high-quality development by adjusting the
industrial structure. The optimization management of
industrial enrichment contains the concepts of space and
time, and the realization of industrial enrichment is a
systematic project. From the perspective of development
geography, industrial enrichment is a function tending to
the convergence of enriching the people, including the
reform of the land property rights system, the increase of

farmers’ income and welfare, and the innovation of the
agricultural industry. The optimization of industrial
enrichment management needs to activate the main
motivation, and there are many influencing factors for the
promotion and adoption of the people enrichment industry,
among which the cognition and perception of the farmer’s
main body have the greatest impact, especially the farmer’s
preference for industrial risk as the adopter. Under the
influence of characteristics such as the education level and
family structure, the subject decides on whether to adopt the
people enrichment industry. Therefore, it is necessary to
intervene in their cognition and perception. The
optimization management of industrial enrichment needs
to stimulate the main motivation. Optimizing management
is the optimization of rural production, living, and ecological
space, which involves industrial production and reproduction
and requires the willpower of rural subjects to take action.

Analytical Framework for Resource
Utilization, Urban–Rural Integrated
Development, and Industrial Enrichment
Figure 1 is in view of the key and difficult issues of the
“Agriculture, rural areas and farmers” problem and rural

FIGURE 1 | Framework on Utilizing Nature Resources, Integrating Urban-rural Development for Increasing Farmers’ Income in Rural revitalization.
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revitalization, with the focus on the improvement of the resource
utilization efficiency and the optimal management of agricultural
production in rural revitalization, the integration of urban and
rural development, and the improvement of the rural
environment, the integration of rural industries and their
transformation and development, etc. Through the analysis of
the causal chain and efficiency transmission mechanism of “lucid
waters and lush mountains are invaluable assets,” we observed
improving quality and efficiency, policies to enrich the people,
environmental elements, industrial layout, and farmers’ income
increase and realizing the leap from empirical and theoretical
combination, from case analysis to method summary, and from
model simulation to policy simulation, including the original
breakthrough of indicators, methods, and system tools.
Specifically, in the efficiency evaluation of the agricultural
production system, the core connotation of the improvement
of the efficiency of the resource utilization system under the
background of rural revitalization is clarified, the evaluation
framework is established, the indicators, methods, models, and
technical systems of the optimal management of resource
utilization are innovated, and the modernization level of the
agricultural production system and the management system is
improved so as to promote the high-quality and high-efficiency
development of agriculture. In terms of the evaluation of the
effect of urban–rural integration development, the effect
evaluation, mechanism analysis, and simulation platform of
urban–rural integration development are integrated, the two-
way flow and optimal allocation of capital and resource elements
in the integration of urban and rural development are explored,
the development of county urbanization, the smooth circulation
of the urban and rural economy, the functional control of urban
and rural land use, and the improvement of the rural
environment are explored. In terms of the optimization and
improvement of the efficiency of industrial integration and
development, combining the background of national carbon
neutrality goals (Van et al., 2019), carbon emission reduction,
and climate change response based on the requirements of
industrial ecology and ecological industrialization, the
strategies for the prosperity of rural revitalization industries
and farmers’ income increases are explored, such as farmland
transformation, land productivity improvement (Zhao et al.,
2017), agricultural landscape diversity conservation, and
biomass energy development so as to provide decision-
making support for solving the “Agriculture, rural areas and
farmers” problems and practicing the rural revitalization
strategy.

SITUATIONS AND SOLUTIONS

There are still challenges in China’s resource utilization system
and urban–rural integration system to serve the industrial
enrichment system. From the founding of the People’s
Republic of China in 1949 to the reform and opening up in
1978 and then to the establishment of a moderately prosperous
society in 2020, New China has solved the food security
problem of 1.4 billion people, and China’s resource

guarantee capacity has made great progress. At the 2020
Central Rural Economic Work Conference, Xi Jinping
clearly emphasized that “it is necessary to firmly grasp the
initiative in food security, and grain production should be
grasped every year”. Whether it is the “seventeen consecutive
abundances” of grain supply or the substantial improvement of
the efficiency of production factors and the level of technical
efficiency, resources always play an important supporting role
in ensuring the production capacity, and resource utilization,
urban–rural integration development, and the industrial
enrichment system are moving toward agricultural
modernization. The “14th Five-Year Plan for National
Economic and Social Development of the People’s Republic
of China and the Outline of Long-term Goals for 2035” clearly
defines the binding indicators for the comprehensive
production capacity of grains, and the grain production
capacity should be ensured to be more than 1.3 trillion
kilograms, which reflects the improvement of the
comprehensive security capacity. At the same time, with the
limited growth space of arable land resources, the insufficient
effective supply of labor, and the tightening of constraints such
as water resources, China is also facing many challenges in
resource utilization and urban–rural integration development
to achieve an industrial enrichment system.

Limited Increase Room of Cultivated Land
and the Great Challenge of Quality
Improvement
China’s crop planting areas show a trend of increasing initially
and then decreasing, and the growth space of the cultivated land
quantity is limited. The results of relevant studies show that in
order to ensure the balance between supply and demand of
agricultural products, the planting area of crops needs 3.5
billion mu, but the area of crops available for actual use in
China is only 2.5 billion mu; thus, the arable land gap is still 1
billion mu. From 2010 to 2015, the sown area increased from
158.579 million hectares to 166.829 million hectares, and from
2015 to 2019, the sown area showed a downward trend, with an
“inverted U-shaped” growth. In 2019, the amount of agricultural
land in Inner Mongolia and Tibet remained at a high level, and
the number of cultivated lands accounted for 11.19 and 5.1%
(Figure 2A). It is difficult to increase production by the
traditional way to increase the land area, and the land
resources that can be developed into arable land resources are
extremely limited.

The challenge of improving the quality of a cultivated land
is enormous. Under the dual circulation pattern, especially
under the impact of the COVID-19 outbreak and the
intensification of international political risks, the
uncertainty of the supply of foreign grain resources of “two
resources and two markets” has intensified. In addition, the
demand for arable land resources to increase production
capacity and improve the quality of cultivated land is
critical. However, the contradiction of more people and
less land in China leads to the long-term adoption of high
input and overload operation of agriculture. From the
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perspective of the pure amount of agricultural chemical
fertilizers in various provinces, municipalities, and
autonomous regions, the amount of chemical fertilizer
application in the main grain-producing areas is still
maintained at a high level, of which the pure amount of
agricultural fertilizers in Henan, Shandong, and other large
agricultural provinces is more than 3 million tons (Figure 2B)
so that the soil fertility degradation is serious, the organic
matter content is low, and the solution of problems such as
relatively poor soil strength requires a long period of time, and
the quality improvement challenge is significant.

Insufficient Effective Supply of Labor
Resources
The imbalance between urban and rural development has
exacerbated the flow of labor to cities and towns; thus, the
supply of rural labor is insufficient. With the rapid progress of
urbanization construction in China, resources continue to
accumulate, and migrant workers have become an
important way for farmers to increase their income. The
young and middle-aged rural labor force is accelerating to
flow into cities with more favorable conditions. The problems
of “aging” and “hollowing out” in rural areas have intensified,
and “who will cultivate the land” has become a hot topic in the
work of agriculture, rural areas, and farmers. In 2019, the rural
population of China was 551.62 million, and provinces with a
rural population of more than 30 million were clustered in
Yunnan, Guangxi, Hunan, Wuhan, Hubei, and Jiangsu
(Figure 3A). After the 1970s, it was the main force of rural

land cultivation, the shortage of labor supply led to the serious
problem of arable land famine.

The quality of rural labor supply is low, and it is difficult for
farmers to master science and technology and agricultural
machinery to meet the needs of modern agriculture. Farmers
are important promoters of agricultural modernization, and new
professional farmers can actively adapt to the needs of
agricultural production and industrial development, but from
the actual situation of development, the stock and flow of new
professional farmers are insufficient. In addition, there are great
differences in the development of total mechanical power in
different provinces. In 2019, the total national power of
agricultural machinery was 102,758.3 kWh. In major
agricultural provinces of production, such as Shandong and
Henan, the total power level of agricultural machinery was
much higher than that of Ningxia, Qinghai, and other
provinces (Figure 3B). Coupled with the ability and speed of
rural labor, to master the newmechanization is relatively low, it is
difficult to meet the needs of agricultural modernization.

Uneven Spatial Distribution of Water
Resources and Inefficient Utilization of
Multiple Agricultural Resources
China has a vast territory, diverse climate types, and spatial
heterogeneity in resource distribution. In 2020, the national
total amount of water resources was 3,160.52 billion cubic
meters, ranking at the forefront of the world, but the per
capita water resources were far from reaching the world
average. Agriculture, as a “big household” in China’s water

FIGURE 2 | The area of agricultural land and the pure volume of agricultural chemical fertilizers in 2019. [(A) Agricultural land area; (B) Agricultural chemical fertilizer].
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resource utilization, occupies 62.1% of the total water
consumption. The spatial mismatch between water resources
and land resources is severe, which poses challenges to
resource utilization, urban–rural integration development, and
industrial enrichment. In 2019, the utilization efficiency of

farmland irrigation water resources in China was 0.559.
Although the water resource utilization efficiency of Beijing
(0.75), Tianjin (0.72), Shanghai (0.738), and other provinces
exceeded 0.7, the national overall agricultural water resource
utilization efficiency was low, and there is a large room for

FIGURE 3 | Rural population and total mechanical power in 2019. (A: Rural population; B: Total mechanical power).

TABLE 1 | Agricultural water consumption and the effective utilization coefficient of farmland irrigation water in 2020.

Province Total water
use (m3)

Agricultural
water

use (m3)

Effective utilization
coefficient

of farmland irrigation
water

Province Total water
use (m3)

Agricultural
water

use (m3)

Effective utilization
coefficient

of farmland irrigation
water

Entire country 5812.9 3612.4 0.565 Henan 237.1 123.5 0.617
Beijing 40.6 3.2 0.75 Hubei 278.9 139.1 0.528
Tianjin 27.8 10.3 0.72 Hunan 305.1 195.8 0.541
Hebei 182.8 107.7 0.675 Guangdong 405.1 210.9 0.514
Shanxi 72.8 41 0.551 Guangxi 261.1 186.9 0.509
Inner
Mongolia

194.4 140 0.564 Hainan 44 33.4 0.572

Liaoning 129.3 79.6 0.592 Chongqing 70.1 29 0.504
Jilin 117.7 83 0.602 Sichuan 236.9 153.9 0.484
Heilongjiang 314.1 278.4 0.613 Guizhou 90.1 51.8 0.486
Shanghai 97.5 15.2 0.738 Yunnan 156 110 0.492
Jiangsu 572 266.6 0.616 Tibet 32.2 27.4 0.451
Zhejiang 163.9 73.9 0.602 Shaanxi 90.6 55.6 0.579
Anhui 268.3 144.5 0.551 Gansu 109.9 83.7 0.57
Fujian 183 99.7 0.557 Qinghai 234.3 17.7 0.501
Jiangxi 244.1 161.9 0.515 Ningxia 70.2 58.6 0.551
Shandong 222.5 134 0.646 Xinjiang 570.4 46.2 0.57
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improvement compared with the level of 0.7 to 0.8 in developed
countries (Table 1).

POLICY IMPLICATIONS

Resource utilization, urban–rural integration development,
and industrial enrichment are organic combinations, and
the three are mutually supportive and premised. Resource
utilization is the foundation and starting point of
urban–rural integration and industrial enrichment, and
industrial enrichment is the purpose of resource utilization
and urban–rural integration.

The Improvement of Resource Utilization
Efficiency Has Been Transitioned From
Single Element to Multi-Element
Resource guarantee is the security involving the whole chain of
rural revitalization, and resource guarantee involves a variety of
resource items, including core elements such as labor, capital,
water, and land. It also includes technology, virtual water,
virtual soil, and hidden carbon resources. The improvement
of the resource utilization efficiency needs to leap from single
element to multi-element, promoted by zones (industrial zone
and ecological zone), by classification (characteristic type and
promotion type), and by points (concentrated breakthrough
point and delayed promotion point), and strive to improve the
utilization efficiency of all elements of landscapes, forests, fields,
lakes, and grasses. In the process of rural revitalization, it is
necessary to optimize rural production, living and ecological
space, accurately identify rural resource backgrounds, focus on
rural development of the present situation and function
orientation, emphasize foresight, rationality, and overall
planning, reasonably delimit the efficiency of transition track,
identify changes of the inflection point, give full play to the
leading of national spatial planning development, and adjust
measures to local conditions to explore the resource use
efficiency promotion mode and path. In addition, it is
supposed to strengthen the exploration of the potential of
rural resources, promote the intensive use of land resources,
revitalize idle rural land, optimize urban and rural land
resources, increase efforts to transform hollow villages, and
carry out land resource integration and improvement. It
should also focus on soil improvement, soil fertility
cultivation, water and fertilizer conservation, pollution
control, and restoration to break the time and space
constraints on water resources, improve the production and
security capacity of cultivated land, strengthen land circulation
to realize the “removal of cages for birds” of rural land resources,
and revitalize idle houses and lands in rural areas. In this way,
the construction of “small county and big city” will be rapidly
promoted, population agglomeration will be promoted, the
efficient use of natural resources will be promoted with a
systematic concept, and the potential of land, water, forest,
and other element resources will be further released.

The Integrated Development of Urban and
Rural Areas Has Changed From Extensive
to Lean Improvement
To promote the integration of urban and rural industries, it is
supposed to further realize industrial prosperity and accelerate
the development of primary, secondary, and tertiary industries. In
terms of the product layer, the agricultural industry chain should
be lengthening vertically, and a one-stop industrial chain of
agricultural production, processing, and derivative
manufacturing should be created to enhance the added value
of agriculture. In terms of the industry layer, on the one hand, the
agricultural production structure should be adjusted to produce
more high-quality agricultural products that meet the people’s
needs for a better life. On the other hand, it is necessary to
promote agricultural technological innovation, increase the
guidance for agricultural technological innovation, pay
attention to the incentives for agricultural machinery
innovation, according to local conditions, and use new
information technology to continuously improve the modern
agricultural system. In terms of the guarantee layer, it needs to
promote the equalization of urban and rural infrastructure,
realize the common prosperity of urban and rural areas,
improve the rural garbage disposal system, accelerate the
construction of the rural infrastructure, improve the garbage
disposal system, and promote the concept of green life and
production. In terms of the culture layer, it is supposed to
integrate rural cultural advantages, promote cultural
integration between urban and rural areas, protect and inherit
excellent rural culture, build cultural exchange platforms between
urban and rural areas, and strengthen life and cultural exchanges
between urban and rural areas to better promote the effect of
urban and rural integration from extensive to lean. In terms of the
factor layer, the circulation channels of urban and rural factors
should be unblocked so that more high-quality products from the
countryside can flow to the cities, and more capital from the cities
can be injected into the countryside to complement each other’s
advantages.

Industrial Enrichment Has Marched From
Routine Management to Comprehensive
Services
In the process of industrial enrichment, attention should be paid
to play the leading role of the agricultural industry. In accordance
with the principle of “suitable farming, suitable animal
husbandry, and suitable travel,” the development concept of
large-scale agriculture should be set up, the demonstration and
driving effect of enriching the people by the industry should be
paid attention, the restricting factors of the development path of
enriching the people should be identified, the demonstration
project/demonstration site construction scheme of enriching
the people should be put forward, and the unique
optimization road of enriching the people by the industry
should be explored. From management to service, it is the
change of the management strategy and the speculation on
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who to serve and what kind of service to provide. High-quality
industrial enrichment service is to provide farmers with selective
services. Their needs may be very different for different farmers.
Therefore, it is necessary to understand the missing items on the
road of industrial enrichment, provide good “technological
packages,” sort out and actively participate in the
transformation of new industries, carefully design effective
services, drive the endogenous desire for self-development,
carry out performance evaluation, diagnose the shortcomings,
vulnerability, and resilience in the development process of
“industrial enrichment,” identify elasticity, thresholds, and
inflection points, so as to provide scientific criteria for path
identification and evaluation, and formulate a blueprint for
industrial enrichment.
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Ecological Efficiency of Grass-Based
Livestock Husbandry Under the
Background of Rural Revitalization: An
Empirical Study of Agro-Pastoral
Ecotone
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As the starting point of addressing the issue of “agriculture, rural areas, and farmers” for a
new era, a rural revitalization strategy is necessary and suits the realistic demand for high-
quality development. At present, agro-pastoral ecotone in China is facing a series of
ecological degradation and environmental pollution problems. The measurement and
analysis of ecological efficiency play an important role in promoting the sustainable
development of the agro-pastoral ecotone. Based on the theoretical discussion and
empirical calculation, this study took Tongliao as a case area to explore the ecological
efficiency issue. Firstly, the ecological efficiency of grass-based livestock husbandry in
Tongliao from 2000 to 2019 was calculated by the DEA method, then the dynamic change
of efficiency was dissected by theMalmquist index, and finally, multiple factors affecting the
ecological efficiency of grass-based livestock husbandry were evaluated by Tobit model.
The results showed that the ecological efficiency of grass-based livestock husbandry in the
counties of Tongliao showed a growing trend from 2000 to 2019, and the average
ecological efficiency increased from 0.88 to 1.17. The total factor ecological efficiency of
the counties in Tongliao had increased year by year from 2000 to 2019, and it mainly
depended on technological progress. The implementation of the national ecological
protection policy and the increase of the output value and number of persons
employed in grass-based livestock husbandry has significantly improved the ecological
efficiency. However, the increase in the number of livestock, especially in the case of
exceeding the carrying capacity of the grassland, was not conducive to the protection of
grassland ecology. The key to realizing the revitalization of grass-based livestock
husbandry in the future is to promote the coordinated development of economy and
ecology through the improvement of management level and large-scale and standardized
livestock breeding.

Keywords: rural revitalization, ecological efficiency, grass-based livestock husbandry, DEA method, agro-pastoral
ecotone
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1 INTRODUCTION

The 19th National Congress of the Communist Party of China
put forward the general requirements for a rural revitalization
strategy: “thriving businesses, pleasant living environments,
social etiquette and civility, effective governance, and
prosperity”. The Outline of the 14th Five-Year Plan
(2021–2025) for National Economic and Social
Development and Vision 2035 of the People’s Republic of
China further proposed to prioritize the development of
agriculture and rural areas and promote all-round rural
revitalization. In the new period of promoting the effective
connection between poverty alleviation and rural
revitalization, rural industry and ecology are the basis of
achieving this goal. As a modern industry under the
coordination of industrial ecology and ecological
industrialization, grass-based livestock husbandry is an
important link to realize rural revitalization and the
ecological construction of civilization. In the process of
traditional agricultural production, economic benefits have
always been placed first (Deng and Gibson, 2018; Lv et al.,
2021). However, with the increasing demand for food in China,
excessive development and utilization of land resources
directly lead to a series of ecological problems, such as soil
erosion, land degradation, water pollution, and so forth (Tian
et al., 2021). In the northern agro-pastoral ecotone with
frequent drought, poverty agglomeration, and fragile
ecology, the change of the rural human-land relationship is
very demanding (Shi et al., 2018). The agro-pastoral ecotone
has an important strategic position in China’s territorial space,
and it should focus on coordinating multiple objectives such as
society, environment, and ecology, (Zhang et al., 2020). Under
tight pressure on resources and the environment, choosing a
sustainable mode of rural industrial development to meet
hundreds of millions of farmers’ yearnings for a better life
is an important goal of the efforts concerning “agriculture,
rural areas, and farmers” and rural revitalization strategy (Sun
et al., 2015).

Thriving businesses is the primary goal and focus of
implementing a rural revitalization strategy, but in the
process of rural industrial development, the connotation
analysis and evaluation criteria of “thriving businesses” is
missing. Under the guidance of high-quality development of
agriculture and rural areas, this study brought “ecological
efficiency” into the evaluation criteria of “thriving
businesses” as a specific starting point to realize rural
revitalization at the industrial level (Yin et al., 2014). This
means realizing the sustainable development of rural areas in
the unity of economic benefits and environmental benefits and
providing inexhaustible power for rural revitalization.
Ecological efficiency was first defined as obtaining the
maximum economic value with minimized resource input
and environmental cost (Schaltegger and Sturm, 1990).
Domestic scholars have carried out various research to
define the connotation of ecological efficiency from the
aspects of social economy, resource utilization, energy
consumption, product price, and so on (Yin et al., 2014; Liu

et al., 2020; Tan and Lin, 2020). Existing research on ecological
efficiency in China and abroad mainly includes two aspects: the
calculation of and the application of ecological efficiency. The
calculation methods of ecological efficiency mainly include the
ratio method, index system method, and mathematical model
method. The ratio method is considered to be the most basic
method for measuring ecological efficiency (Zhou et al., 2018).
However, the single ratio method assumes that the optimal
solution has been considered, cannot distinguish the effects of
different environments, and cannot provide a set of optimal
solutions for decision-makers. It is only applicable to the
analysis of mutually independent objects (Zhao et al., 2017).
The index system method is the main method used to evaluate
ecological efficiency, but there are some problems such as
incomplete index and subjectivity, which can be made up
for by calculating ecological efficiency by the mathematical
model (Deng and Gibson 2019; Guo et al., 2020). Data
Envelopment Analysis (DEA) evaluates the relative
effectiveness of the same type of decision-making units
based on multi-index input and multi-index output.
Through automatic weighting to reduce the subjectivity of
environmental index weighting, the combination of multi-
input and multi-output can be explained clearly, therefore it
is widely used in the calculation of ecological efficiency
(Rebolledo-Leiva et al., 2019). In the application of
ecological efficiency, the existing research can be
summarized to micro-level, mesoscale level, and macro-
level, which focuses on enterprises, industries, and regions,
respectively, (Arabi et al., 2014; Koskela et al., 2015; Bonfiglio
et al., 2017; Jin et al., 2018; Xing et al., 2018). The research at
the macro level includes the differences and causes of
ecological efficiency in different regions, the analysis of the
competitive advantage of regional long-term development, and
the temporal and spatial changes of inter-regional ecological
efficiency (Yue et al., 2017; Yang and Yang, 2019).

Most research on ecological efficiency focuses on the
planting industry, with little research on grass-based
livestock husbandry, especially in the agro-pastoral ecotone.
In the adjustment of the planting structure of “grain,
industrial, and forage crops”, the development of grass-
based livestock husbandry in the northern agro-pastoral
ecotone is of great significance to improve the efficiency of
resource utilization and agricultural production. Accurate and
objective ecological efficiency assessment can reflect the main
problems in the development of grass-based livestock
husbandry, coordinate agricultural development and
ecological environment protection, and promote regional
sustainable development and rural revitalization. This study
took Tongliao, which is located in the northeast section of the
northern agro-pastoral ecotone, as a case area to evaluate the
change of ecological efficiency of grass-based livestock
husbandry and identify the key influencing factors. At the
same time, this study analyzed the actual level of thriving
businesses under the rural revitalization strategy and discusses
the coordinated development path of resource conservation
and sound ecosystem, which aimed to provide decision
support for rural industrial development.
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2 THEORETICAL FRAMEWORK AND
METHODS

2.1 Development of Grass-Based Livestock
Husbandry Under the Goal of Thriving
Businesses
“Thriving businesses” is a development goal based on the
production function of rural areas. It strives to promote the
integrated development of rural primary, secondary, and tertiary
industries based on advantageous industries according to local
conditions and aims to enhance farmers’ income and enhance the
international competitiveness of agriculture at the same time.
“Thriving businesses” has become an essential prerequisite for the
realization of agricultural and rural modernization. The northern
agro-pastoral ecotone is an important production space for the
coordination of the agro-grassland system and cropland system.
With further adjustment of the proportion of planting area of
“grain, industrial, and forage crops”, the quality and efficiency of
the foraging industry are gradually improved, and the growing
grass-based livestock husbandry has become an important
support for the industrial revitalization of the agro-pastoral
ecotone. However, due to the expansion of the scope of
human activities, there are a series of problems in the agro-
pastoral ecotone, such as land degradation, water pollution,
ecological disruption, and so on, which leads to a fragile
ecological environment and increasingly prominent conflict
between humans and the land. The development of grass-
based livestock husbandry is highly dependent on the
ecological environment. In the tradeoff between production
function and ecological function of grassland, only the high-
quality development mode of “ecological priority” can realize the
sustainable development of grass-based livestock husbandry and
provide a solid guarantee for the rural revitalization in the agro-
pastoral ecotone.

2.2 Interpretation of Ecological Efficiency of
Grass-Based Livestock Husbandry
“Economic efficiency” is an important standard to measure the
limited social resources to meet people’s practical needs from the
perspective of income and cost, and it has gradually become the
focus of social development. However, with social and economic
development, human beings have a higher level of demand for
livelihood. Under the constraints of resources and environmental
carrying capacity, we begin to pay attention to improving
production efficiency and at the same time reducing the
impact on the environment. The “ecological efficiency” of
coordinating economic and environmental benefits has
gradually become the focus of efficiency research. In 1990,
ecological efficiency was clearly defined for the first time as
“people achieve the goal of maximizing economic value on the
premise of minimizing resource input and environmental costs
on the basis of the added value and environmental impact of
economic activities” (Schaltegger and Synnestvedt, 2002).
Subsequently, government departments and academia carried

out a series of studies and discussions on the concept and
connotation of ecological efficiency. The World Business
Council for Sustainable Development (WBCSD) defined
ecological efficiency as “On the basis of ensuring the quality
and needs of human life, provide products or services with
competitive prices by controlling the environmental impact
and resource consumption in the life cycle within the carrying
capacity of the Earth”. This definition has been widely accepted
and promoted by the Organization for Economic Co-operation
and Development (OECD). In this definition, ecological
efficiency is regarded as the ratio of input to output, which
means that the output (the value of services and products)
must be maximized in the production process while the
consumption of resources and the impact on the environment
must be minimized.

Domestic scholars extended the connotation of ecological
efficiency from various perspectives, including social economy,
resource utilization, energy consumption, product price, and so
on (Ma et al., 2018; Liu et al., 2020; Dong et al., 2020). It is
generally believed that ecological efficiency is an important index
to characterize the construction level of ecological civilization and
the ability of sustainable development (Hu et al., 2019). The
essence of ecological efficiency is to minimize the negative impact
on resources and the environment in the process of pursuing
economic benefits, that is, to exchange the minimum resource
input for the maximum economic output. It is emphasized in the
National Agricultural Sustainable Development Plan
(2015–2030) that the sustainable development of agriculture is
the fundamental guarantee and priority area of China’s
sustainable development. The ecological efficiency of grass-
based livestock husbandry is the embodiment of ecological
efficiency in the field of agriculture, and the improvement of
ecological efficiency has become an important way to promote the
sustainable development of grass-based livestock husbandry (Yin
et al., 2014; Liu et al., 2018). The key to achieving the sustainable
development of grass-based livestock husbandry is to reduce the
consumption of resources and the negative impact on the
ecosystem by production activities, and finally achieve a win-
win situation of both economic and ecological benefits. The agro-
pastoral ecotone still faces the arduous tasks of resource-saving
and environmental protection, grass-based livestock husbandry
with high ecological efficiency takes into account both ecological
and economic benefits, which is the inevitable way to realize the
revitalization of rural industry.

2.3 Evaluation Methods of Ecological
Efficiency
2.3.1 Ecological Efficiency
Data Envelopment Analysis (DEA), proposed by Charnes,
Cooper, and Rhodes, is a production analysis method to
measure technical efficiency through linear programming
(Charnes et al., 1978). The DEA model adopts the concept of
mathematical programming to determine whether the multi-
input and multi-output decision-making unit (DMU) is
located on the “production Frontier” of the production

Frontiers in Environmental Science | www.frontiersin.org April 2022 | Volume 10 | Article 8481343

He et al. Ecological Efficiency

106

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


possibility set and then identify the relative effectiveness of the
decision-making unit.

Suppose there are n (n = 1, 2, 3, . . ., N) decision-making units
of grass-based livestock husbandry production, and the output of
j (j = 1, 2, 3, . . ., J) factors is obtained by using the input of i (i = 1,
2, 3, . . ., I) factors in every period of t (t = 1, 2, . . ., T). In the
input-output index system, it is expressed by x and y, respectively,
then the input-output index of n grass-based livestock husbandry
production decision-making units in t period can be expressed as
xn,j

i, yn,j
i. Without considering the change of time dimension, the

input-output data of decision-making unit i can usually be
recorded as xi = (x1n, x2n, x3n. . ., xmn), yi = (y1n, y2n, y3n. . .,
ysn), n = 1, 2, . . ., N. The model under this data recording mode
can be expressed as follows:

Based on the CCR model, the non-Archimedean infinitesimal
ε, relaxation variable Sj

− and residual variable Sj
+ are introduced,

and the efficiency linear programming model of DMU0 is
expressed as follows:

min θCCR − ε⎛⎝∑
m

i�1
s−i +∑

m

i�1
s+⎞⎠

s.t.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∑
n

j�1
λjXij + s−i � θCCRX0

∑
n

j�1
λjYij − s+i � Y0

λj S 0, j � 1, 2, ..., n
s− S 0, s+ S 0

Where, λj is the weight variable, and the DMU0 optimal solution
is θ*、λ*、S*+、S*. If it satisfies θ* = 1 and S*+ = S*− = 0, then
DMU0 is DEA efficient, indicating that both scale and technology
are effective; If S*+≠0 or S*−≠0, then DMU0 is weakly DEA
efficient, indicating that scale and technology are not efficient
at the same time; if θ*<1, DMU0 is non-DEA efficient, neither
scale efficient nor technical efficient, and the closer the efficiency
value is to 1, the higher the relative efficiency of DEA.

The super-efficiency DEAmodel is the ranking and analysis of
the points on the Frontier (technical efficient units) based on the
traditional DEA model. The realization path is that when some
points are in the efficiency Frontier, it is necessary to exclude this
point when evaluating the efficiency of one point (such as point
A), and several other points on the Frontier reconstitute a new
efficiency Frontier curve, in which case the efficiency value of the
point is greater than 1. By analogy, the efficiency values of all the
sets of points on the production frontiers can be obtained,
respectively. The formula is as follows:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

min⎡⎢⎢⎣θSUP − ε⎛⎝∑
m

i�1
s−i +∑

s

i�1
s+r⎞⎠⎤⎥⎥⎦

∑
n

j�1,j ≠ k

λjXij + s−i ≤ θSUPX0

∑
n

j�1,j ≠ k

λjYij − s+ ≤Y0

λj S 0, j � 1, 2, ..., n, s− S 0, s+ S 0

Where, θ is super-efficiency, s−(s−≥0) is the relaxation variable,
s+(s+≥0) is the residual variable, and ε is the non-Archimedean
infinitesimal. Based on the DEA model under the premise of
constant return to scale (CRS) described in the above formula, θ =
1 indicates that the ecological efficiency of the decision-making
unit is on the “production Frontier” of the production possible
set, that is, the technology of the decision-making unit is effective.
On this basis, by introducing the constraint ∑k

j�1λj � 1, it can be
transformed into a more realistic DEAmodel of variable return to
scale (VRS).

2.3.2 Total Factor Ecological Efficiency
Malmquist productivity was originally proposed by the Swedish
economist Sten Malmquist (1953), through the concept of
scaling factor to construct the consumption quantity index,
and then applied by Caves et al. (1982) to the production
analysis of constructing the productivity index through the
ratio of the distance function. However, due to the lack of a
method to measure the distance index at the initial stage, the
Malmquist index exists only in the form of theory, and then Färe
and Grosskopf (1992) applied the theoretical index of
Malmquist productivity to practical calculation through the
DEA method. The Malmquist productivity index is defined
based on the benchmark technology. The Malmquist
productivity indices of t and t+1 with reference to
technology are:

Mt(xt, yt, xt+1, yt+1) � Dt
C(x

t+1, yt+1)
Dt

C(x
t, yt)

Mt+1(xt, yt, xt+1, yt+1) � Dt+1
C (xt+1, yt+1)
Dt+1

C (xt, yt)

Since periods t and t+1 are symmetrical in economic meaning,
the Malmquist productivity index is defined as the geometric
average of the two periods of total factor productivity according
to the ideal index idea:

M(xt, yt, xt+1, yt+1) � (Mt ·Mt+1)1/2

� [
Dt

C(xt+1, yt+1)
Dt

C(xt, yt)
Dt+1

C (xt+1, yt+1)
Dt+1

C (xt, yt) ]
1/2

Using the method proposed by Ray and Desli (1997), it can be
further decomposed into changes in technical efficiency,
technological progress, and scale efficiency. The decomposition
process is as follows:

Mt(xt, yt, xt+1, yt+1) � Dt+1
V (xt+1, yt+1)
Dt

V(x
t, yt)

× [
Dt

V(xt, yt)
Dt+1

V (xt, yt)
Dt

V(xt+1, yt+1)
Dt+1

V (xt+1, yt+1)
]
1/2

×[
Dt

C(xt+1, yt+1)/Dt
V(xt+1, yt+1)

Dt
C(xt, yt)/Dt

V(xt, yt)
Dt+1

C (xt+1, yt+1)/Dt+1
V (xt+1, yt+1)

Dt+1
C (xt, yt)/Dt+1

V (xt, yt)
]
1/2

� TEΔRD × TPΔRD × SEΔRD

Where,Dt (xt, yt) is the distance between the actual output and the
production Frontier in t period, TE represents pure technical
efficiency, TP represents technological progress, and SE
represents scale efficiency.

Frontiers in Environmental Science | www.frontiersin.org April 2022 | Volume 10 | Article 8481344

He et al. Ecological Efficiency

107

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


The decomposition method comprehensively analyzes the
temporal and spatial changes of the total factor ecological
efficiency of grass-based livestock husbandry production DMU
from three dimensions: the distance from the production
Frontier, the movement characteristics of the production
Frontier in different periods, and the time variation
characteristics of returns to scale. The super-efficiency DEA
model can reflect the relative efficiency of each DMU at a
certain time but cannot reflect the change of ecological
efficiency over time. On the other hand, the Malmquist index
reveals the changing trend over time through the change of
ecological efficiency relative to the previous time point, but it
is unable to compare the difference of ecological efficiency of
each DMU.

2.3.3 Influencing Factors of Ecological Efficiency
The analysis of the influencing mechanism of the leading factors
on the ecological efficiency of grass-based livestock husbandry in
the agro-pastoral ecotone is a supplement to the calculation of
ecological efficiency, the characterization of spatio-temporal
pattern, and the correlation simulation of regional units. As a
variable with boundaries, the ecological efficiency of grass-based
livestock husbandry is difficult estimate without bias by
traditional analysis methods such as OLS, so it is necessary to
use the Tobit regression model to estimate it. The Tobit model
uses a piecewise function to accurately estimate the restricted
dependent variables of truncation or censorship to avoid the
potential risk of biased and inconsistent estimation. The formula
is as follows:

FIGURE 1 | Land use of study area (A) and its location in China (B).
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Yi �
⎧⎨
⎩

a0 +∑
k

akXki + εi, Yi > 0

0, Yi > 0

Where, Yi represents the ecological efficiency of grass-based
livestock husbandry in different periods in area i, Xki

represents the variable of influencing factors, α0 is the
constant term, αk is the regression coefficient of influencing
factors, and εi is the error term that obeys normal distribution.
When Yi>0, the actual observed value is taken; when Yit≤0, the
observed value is truncated to 0.

3 EMPIRICAL ANALYSIS

3.1 Study Area
The agro-pastoral ecotone in northern China ranges from Hulun
Buir at the western foot of the Daxing’an Mountains to the
southwest to the Ordos and northern Shaanxi, and is in the
transitional zone between semi-arid and semi-humid areas. The
agro-pastoral ecotone is an important ecological security barrier
in China, and the main types of land use are grassland, cultivated
land, forest, and desert. Tongliao is in the eastern part of Inner
Mongolia Autonomous Region and the hinterland of Horqin
grassland, with desert, grassland, wetland, and sparse forest
(Figure 1). With the richest biodiversity in the sparse forest
and grassland of Horqin, Tongliao is an important commodity
grain base and animal husbandry production base in China
because of its rich resources and good natural conditions.
However, the continuous expansion of human activities has
increased the burden on the local environment, and ecological
problems such as lake shrinkage and grassland degradation have
emerged. In the implementation of the rural revitalization
strategy, the development of grass-based livestock husbandry is
facing severe challenges, and there is an urgent need to balance
the conflict between human beings and the environment. In
recent years, the implementation of major ecological projects
such as “returning grazing to grassland” and “banning grazing
and rearing” shows that China attaches great importance to
sustainable development. However, in order to achieve the
goal of “thriving businesses,” the development of grass-based
livestock husbandry in Tongliao still needs to improve ecological
efficiency. On the premise of minimizing the environmental
impact, Tongliao should enhance the added value of grass-
based livestock husbandry and promote the revitalization of
grass-based livestock husbandry to lay a solid foundation for
realizing rural revitalization.

3.2 Data Sources
In the evaluation of ecological efficiency, the economic
acquisition in the ecosystem is usually taken as the output
index and the resource consumption as the input index. In
addition, the consumption of grassland resources is the main
impact on the environment in the process of grass-based livestock
husbandry development. Therefore, the fixed asset investment of
grass-based livestock husbandry, employed population, and
grassland net primary productivity (NPP) of each county were

taken as the input index, and the added value of grass-based
livestock husbandry was taken as the output index. The index
system for evaluating the ecological efficiency of grass-based
livestock husbandry in Tongliao is shown in Table 1.

Plants absorb and release carbon through photosynthesis and
respiration, and the difference of carbon formed is the organic
matter accumulated by plants. NPP in Table 1 is the total amount
of organic matter accumulated per unit area of grassland per unit
time, reflecting the coverage of grassland in this area. The data
were obtained from the Resource and Environmental Science
data Center of the Chinese Academy of Sciences, which was used
to reflect the ecological status of grassland and the development
conditions of grass-based livestock husbandry in each county. In
the process of grass-based livestock husbandry development, the
input is mainly to provide forage for livestock, and the output is to
obtain the added value through the operation of grass-based
livestock husbandry. Therefore, combined with the current
research results, the following factors affecting the ecological
efficiency of grass-based livestock husbandry were selected:
proportion of output value of grass-based livestock husbandry,
the proportion of employed persons in grass-based livestock
husbandry, national policy (returning grazing to grassland,
grass-livestock balance) and the number of livestock in stock.
The relevant data were obtained from Inner Mongolia Statistical
Yearbook (2001–2020) and Tongliao Statistical Yearbook
(2001–2020).

3.3 Ecological Efficiency of Grass-Based
Livestock Husbandry
3.3.1 Spatio-Temporal Change of Ecological
Efficiency
The results showed that there are significant spatial differences in
the ecological efficiency of grass-based livestock husbandry in
Tongliao (Table 2). In 2000, the overall level of ecological
efficiency was low, among which Keerqin had the highest
ecological efficiency (1.18) and Huolinguole had the lowest
ecological efficiency (0.45). This indicated that the
development of grass-based livestock husbandry in Keerqin
coordinated ecological and economic benefits better than other
counties, but the ecological efficiency of grass-based livestock
husbandry in each county still needs to be improved. By 2019, the
ecological efficiency of all counties increased greatly, the average
ecological efficiency increased from 0.88 to 1.17, and the
ecological efficiency of Huolinguole increased the most, which
indicated that the ecological efficiency of grass-based livestock
husbandry in the agro-pastoral ecotone of northern China
showed a dynamic growing trend. According to the average
ecological efficiency of each region in the five periods from
2000 to 2019, Tongliao can be divided into three grades: the
highest level includes Keerqin District, Keerqinzuoyihou Banner,
Kailu County, and Keerqinzuoyizhong Banner with ecological
efficiency greater than 1. The lowest level includedHuolinguole City
whose ecological efficiency was less than 0.8. The middle level
included Kulun Banner, Naiman Banner, and Zhalute Banner.
The ecological efficiency of grass-based livestock husbandry in
Kulun and Huolinguole is significantly lower than that in other
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counties, which indicated that the production level of grass-based
livestock husbandry was at a low level. However, from 2000 to 2019,
the ecological efficiency increased by 45.31 and 75.55%, respectively,
second only to Keerqin District, and there was still room for further
improvement in the ecological efficiency of grass-based livestock
husbandry.

3.3.2 Decomposition and Change of Total Factor
Ecological Efficiency
The average annual Malmquist index and its decomposition of
counties in Tongliao from 2000 to 2019 are shown inTable 3. The
growth rate of total factor ecological efficiency of all counties in
the table was more than 1, and the overall ecological efficiency
showed an upward trend. This reflected the development of grass-

based livestock husbandry has gradually changed from factor-
driven to innovation-driven, and the development of grass-based
livestock husbandry in the agro-pastoral ecotone has increasingly
coincided with the ecological environment. The comprehensive
technical efficiency of Keerqin District and Naiman Banner is less
than 1, indicating that the comprehensive technical efficiency
shows a downward trend from 2000 to 2019. The value of
Keerqinzuoyihou Banner, Huolinguole City, and Kailu County
is 1, which indicated that its comprehensive technical efficiency
was relatively stable, while the comprehensive technical efficiency
of other counties showed an increasing trend. The change of
comprehensive technical efficiency was mainly caused by pure
technical efficiency and scale efficiency, and the changing trend of
scale efficiency was roughly the same as that of comprehensive

TABLE 1 | Evaluation index of ecological efficiency of grass-based livestock husbandry in each county of Tongliao.

Category Constitute Index Maximum
value

Minimum
value

Average
value

Standard
deviation

Output Output value Output value of grass-based livestock husbandry 60.01 0.56 22.05 16.63
Input Capital Total power of agricultural machinery 139.8 1.55 61.15 44.76

Labor Number of employed persons 26.94 0.25 11.65 6.74
Land NPP 442.71 45.89 186.21 94.35
Public
infrastructure

Number of senior high schools 58 5 23.72 13.13
Number of persons engaged in health care institutions 8,364 314 1,521.41 1755.21

Influencing
factor

Structural variable Proportion of output value of grass-based livestock
husbandry

0.75 0.01 0.30 0.18

Proportion of employed persons in grass-based
livestock husbandry

0.78 0.11 0.59 0.19

Policy variable Policy of returning grazing to grassland 0 (before 2003), 1 (after 2003)
Policy of grass-livestock balance 0 (before 2005), 1 (after 2005)

Other Number of livestock in stock 247.53 9.56 112.51 64.11

TABLE 2 | Ecological efficiency of grass-based livestock husbandry in counties of Tongliao.

Year Keerqin
District

Huolinguole
city

Kailu
county

Kulun
banner

Naiman
banner

Zhalute
banner

Keerqin-
zuoyizhong

banner

Keerqin-zuoyihou
Banner

2000 1.18 0.45 1.03 0.64 0.83 0.95 0.89 1.05
2005 1.43 0.37 1.24 0.77 0.81 0.81 0.98 1.09
2010 1.61 0.77 1.33 0.75 0.78 0.87 1.01 1.11
2015 1.78 0.81 1.52 0.87 0.97 1.03 1.07 1.25
2019 1.83 0.79 1.47 0.93 1.02 0.99 1.13 1.21

TABLE 3 | Malmquist index and its decomposition of counties in Tongliao from 2000 to 2019.

County Comprehensive technical
efficiency

Technological
progress

Pure technical
efficiency

Scale efficiency Total factor
ecological efficiency

Keerqin District 0.91 1.24 0.91 1.00 1.14
Keerqinzuoyizhong Banner 1.14 1.31 1.08 1.05 1.50
Keerqinzuoyihou Banner 1.00 1.42 1.00 1.00 1.42
Kailu County 1.00 1.60 1.00 1.00 1.60
Kulun Banner 1.11 1.09 0.98 1.14 1.21
Naiman Banner 0.99 1.07 0.92 1.07 1.06
Zhalute Banner 1.05 1.17 1.01 1.04 1.23
Huolinguole city 1.00 1.29 1.00 1.00 1.29
Average 1.02 1.26 0.99 1.04 1.29
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technical efficiency. The change of pure technical efficiency
showed that only Keerqinzuoyizhong Banner and Zhalute
Banner show an increasing trend, which demonstrated that
the production management of grass-based livestock
husbandry in Tongliao from 2000 to 2019 was relatively
insufficient and the input of production factors was not
reasonable. The growth rate of technological progress in each
county was more than 1, which implied that the growth of TFP in
Tongliao mainly depended on the improvement of technological
progress, and further showed that the key to promoting
sustainable development of regional grass-based livestock
husbandry lay in the research and development of advanced
technology of grass-based livestock husbandry and the
popularization of high-quality germplasm resources.

Overall, the efficiency fluctuation of each county reflected the
uneven regional development of total factor ecological efficiency

in the agro-pastoral ecotone. From 2000 to 2019, the efficiency of
Keerqin District, Zhalute Banner, andHuolinguole City increased
at first and then decreased. It was speculated that the main reason
was the adjustment of economic structure with 2012 as the
turning point. The growth rate of the added value of grass-
based livestock husbandry slowed down, and the number of
employed persons of grass-based livestock husbandry began to
decline. Keerqinzuoyizhong Banner, Keerqinzuoyihou Banner,
Kailu County, Kulun Banner, and Naiman Banner showed large
fluctuations (increased-decreased-increased), and their
fluctuations were closely related to the changes of NPP
(Figure 2). The fastest change of total factor ecological
efficiency was Keerqinzuoyihou Banner with an increasing
growth rate, and the smallest fluctuations were Keerqin
District and Kulun Banner, as shown in Figure 2A. Keerqin
District, Keerqinzuoyihou Banner, and Kailu County are

FIGURE 2 | Annual Malmquist index and its decomposition of counties in Tongliao. (A–E) showed the changes of total factor ecological efficiency, scale efficiency,
comprehensive technical efficiency, pure technical efficiency, and technological progress, respectively.
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important agricultural and livestock product bases and
commodity grain bases in the country, and their grass-based
livestock husbandry development is relatively stable. In the
future, we need to focus on promoting new technologies, new
varieties, and new models, form new growth points and promote
the modernization and high-quality development of grass-based
livestock husbandry.

The annual average Malmquist index and its decomposition of
each county in Tongliao are shown in Table 4. The efficiency of
all kinds in 2019 was higher than that in 2000, and the increase of
efficiency in 2015–2010 was obviously higher than that in the
other stages. The average annual growth rate of total factor
ecological efficiency was 29.3%, the interannual fluctuation of
the growth rate was large, but it showed an upward trend.
Technological progress from 2005 to 2019 was the main
reason for the improvement of total factor ecological
efficiency, therefore future grass-based livestock husbandry
production in Tongliao should further promote the
mechanization level and technical level of grass-based livestock
husbandry. The average annual growth rate of comprehensive
technical efficiency was 2.3%, which indicated that there was still
a lack of effective coordination mechanism in the development of
grass-based livestock husbandry, so it was difficult to improve the
ecological efficiency of the region. From the perspective of pure
technical efficiency, it showed an increasing trend only in the
period from 2015 to 2019, indicating that the production
management of grass-based livestock husbandry in Tongliao
made little contribution to the improvement of total factor
ecological efficiency before 2015, which was also the main
problem in the development of grass-based livestock
husbandry in the agro-pastoral ecotone. The scale efficiency
showed an alternating trend of decrease and increase, which
meant that the production scale of grass-based livestock

husbandry in Tongliao has not yet reached the optimal level,
and the input structure of industrial factors did not match the
production scale.

3.3.3 Analysis on Influencing Factors of Ecological
Efficiency
In this study, the Tobit model was used to analyze the impact of
various factors on ecological efficiency (Table 5). The model
passed the significance test with a confidence level of 99%,
indicating a good degree of fit. Among the variables of public
infrastructure, the number of senior high schools and the number
of persons engaged in health care institutions did not pass the
significance test, which revealed that the level of social health care
and education had no significant impact on the ecological
efficiency of grass-based livestock husbandry in each county of
Tongliao. Among the structural variables, the proportion of
output value of grass-based livestock and the proportion of
employed persons in grass-based livestock husbandry passed
the significance test with a confidence level of 99 and 95%,
respectively, and the coefficient was positive. It showed that
the increase of the proportion of output value and employed
persons could significantly improve the ecological efficiency of
grass and animal husbandry in this area. The number of livestock
in stock has passed the significance test with a confidence level of
99%, and the coefficient was negative, which demonstrated the
increase in the number of livestock (especially beyond the
ecological carrying capacity of grassland) was not conducive to
the protection of grassland ecological environment.

Among the policy variables, both “returning grazing to
grassland” and “grass-livestock balance” have passed the
significance test with a confidence level of 99%, indicating
that the national policy had a significant positive impact on
ecological protection and sustainable development of the

TABLE 4 | Average Malmquist index and its decomposition in Tongliao.

Year Comprehensive technical
efficiency

Technological
progress

Pure technical
efficiency

Scale efficiency Total factor
ecological efficiency

2000–2005 0.97 0.99 1.00 0.97 0.96
2005–2010 1.08 1.57 0.92 1.17 1.70
2010–2015 0.97 1.27 0.98 1.00 1.24
2015–2019 1.08 1.29 1.06 1.02 1.39
Average 1.02 1.26 0.99 1.04 1.29

TABLE 5 | Regression results of Tobit model.

Factors Coefficient Standard error T Value 95% confidence interval

Number of senior high schools 0.063 0.070 0.91 [−0.074,0.200]
Number of persons engaged in health care institutions 0.223*** 0.062 3.59 [0.100,0.347]
Proportion of output value of grass-based livestock husbandry 0.001 0.013 0.01 [−0.026,0.026]
Proportion of employed persons in grass-based livestock husbandry 0.329** 0.120 2.73 [ 0.090,0.567]
Policy of returning grazing to grassland −0.093*** 0.027 −3.40 [−0.147,0.039]
Policy of grass-livestock balance 0.146** 0.058 2.53 [0.032,0.260]
Number of livestock in stock 0.255*** 0.063 4.05 [0.130,0.379]
Constant term 0.592*** 0.153 3.87 [0.289,0.896]
Significance Prob>chi2 0.000

Note: *, **, ***indicate significance at the level of 10, 5, and 1% confidence levels, respectively.
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northern agro-pastoral ecotone. At present, there are a series of
ecological problems in the agro-pastoral ecotone in China, such
as grassland degradation, soil desertification, and so on. In order
to ensure the ecological security of grassland and enhance the
effectiveness of resource utilization, the central government has
invested a large amount of money and implemented several
major construction projects for ecological protection. In recent
years, the Inner Mongolia Autonomous Region has issued a
series of reform measures to strengthen the protection of
grassland ecology in response to the policy call of the CPC
Central Committee to protect grassland and restore the ecology.
Among them, the policy of “returning grazing to grassland” and
“grass-livestock balance” is the most representative. The results
showed that compared with the “grass-livestock balance,”
“returning grazing to grassland” had a more positive impact
on ecological efficiency (Hu et al., 2019; Liu et al., 2020). This
was mainly due to the differences in the core ideas and practical
operation of the two policies: “returning grazing to grassland” to
keep the ecosystem in an ideal state without human intervention
and to realize the natural restoration of grassland ecology by
banning grazing and resting grazing; “grass-livestock balance”
aimed to realize the dynamic balance between forage supply and
livestock demand within a certain range of time and space, and
to reduce the burden of grassland by “determining livestock-
carrying capacity according to grass production”. To realize the
sustainable development of agro-pastoral ecotone, it is necessary
to construct the coordinated development system of grassland
ecology and production function and reduce the negative impact
of ecological engineering construction. At the same time, we
should pay more attention to innovating the development
model of grass-based livestock husbandry, and improving the
production level of local grass-based livestock husbandry under
the premise of ensuring ecological security, so as to realize the
sustainable development of the agro-pastoral ecotone.

4 CONCLUSIONS AND DISCUSSION

4.1 Conclusions
In the new era, agricultural space is the core component of
territorial space, agricultural production is the focus of rural
revitalization, and the improvement of agricultural production
efficiency is an important way to improve agricultural quality and
efficiency. Based on the requirements for agricultural green
development in the context of rural revitalization, this study
was guided by the goal of the revitalization of grass-based
livestock husbandry, taking Tongliao as a study area, carried
out the analysis on spatiotemporal patterns and influencing
factors of the ecological efficiency of grass-based livestock
husbandry.

The results showed that: 1) from 2000 to 2019, the overall
production efficiency of grass-based livestock husbandry in
Tongliao showed an increasing trend, with the average
efficiency increasing from 0.88 to 1.17. Among them, the
ecological efficiency of Keerqin District, Keerqinzuoyihou
Banner, Kailu County, and Keerqinzuoyizhong Banner has
been higher than that of other counties for a long time. 2)

According to the Malmquist index and its decomposition, the
total factor ecological efficiency, comprehensive technical
efficiency, and scale efficiency in 2019 have been generally
improved compared with 2000, and the average annual growth
rate of the total factor ecological efficiency of grass-based
livestock husbandry was 29.3%. Moreover, the improvement of
the total factor ecological efficiency of Tongliao mainly depended
on technological progress, and the growth of efficiency from 2005
to 2010 was significantly higher than that of other stages. 3) The
output of grass-based livestock husbandry, the number of
livestock in stock, and the grass-livestock balance were the
main factors that determine the improvement of the ecological
efficiency of grass-based livestock husbandry. The influence of
public infrastructure variables, structural variables, and policy
variables on the ecological efficiency of grass-based livestock
husbandry showed significant differences. However, after
combining various influencing factors, it was found that
ecological protection and sustainable development of the
environment still had a significant positive impact on the
development of grass-based livestock husbandry.

4.2 Discussion
Through the analysis of the development level of grass-based
livestock husbandry in Tongliao, there are still two problems in
the development of grass-based livestock husbandry in the agro-
pastoral ecotone. The first is that the ecological efficiency of grass-
based livestock husbandry is uneven. The resource advantage in the
agro-pastoral ecotone has not yet been transformed into an
economic advantage. There are obvious spatial differences in the
development endowment and ecological protection measures of
grass-based livestock husbandry (Zhou et al., 2019), which makes
the ecological efficiency of grass-based livestock husbandry has great
regional differences. The second is that the ecological efficiency of
grass-based livestock husbandry has been low for a long time. The
continuous excessive input of energy, water, and pasture resources
has achieved rapid growth in forage and livestock production, but
also led to the deterioration of the ecological environment, which is
not conducive to the improvement of the ecological efficiency of
grass-based livestock husbandry (Shi et al., 2018).

Agro-pastoral ecotone is an ecologically sensitive and fragile
area, the rapid population growth and intense human activity
bring food pressure and ecological degradation and form a
situation of forced transformation in the construction and
development of ecological husbandry (Li et al., 2021). Based
on the main conclusions of this research, the following policy
implications are proposed to promote the revitalization of the
grass-based livestock husbandry in the agro-pastoral ecotone:
Firstly, the development mode of agro-pastoral ecotone should be
changed, to prioritize ecological and green development, improve
the ecological efficiency of grass-based livestock husbandry, and
support high-quality development of agriculture. Specifically,
extensive production and management models should be
transformed, and the relationship between economic
development, resource conservation, and environmental
protection of the grass-based livestock husbandry should be
properly handled. Secondly, regional decision-makers should
pay more attention to spatial differentiation and promote the
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coordinated improvement of the ecological efficiency of grass-
based livestock husbandry in the ecotone between agriculture and
animal husbandry. Specifically, decision-makers should combine
regional resource endowments and economic development levels
to formulate differentiated agricultural development strategies. At
the same time, it is necessary tomaintain coordination and interaction
between regions, learn from the advanced experience of grass and
animal husbandry production in other regions, and ensure the
coordinated improvement of ecological efficiency of grass-based
livestock husbandry in different counties. Finally, government
departments should support the ecologically inefficient areas of
grass-based livestock husbandry, to “prescribe the right medicine
for a symptom”. For areas with low land-use efficiency, local
government should promote the transformation of pastures in
breeding areas, strengthen the development and utilization of local
superior and characteristic varieties, promote advanced and applicable
breeding techniques, and build a batch of standardized, modern, and
large-scale breeding farms. For areas with fragile ecology and high
pressure on resources and environment, local government should
change the way of using grassland, implement modest scale breeding
models such as “summer and autumn grazing, winter and spring
house feeding”, and thoroughly implement the grassland ecological
protection subsidy and reward policy.
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Household carbon emissions (HCEs) in urban communities are significant sources of
China’s total carbon emissions and contribute to global warming and climate change
dramatically. This study aims to estimate the HCEs and investigate their influential factors
based on a total of 185 household survey data collected from three typical types of urban
communities in Beijing: traditional communities, unit communities, and commercial
housing communities with the application of the consumer lifestyle approach analysis
and econometrics model. The results show that unit communities contribute to the highest
direct carbon emissions and the commercial housing communities produce the most
indirect carbon emissions, with the traditional communities emitting the lowest carbon
emissions both directly and indirectly. The highest direct carbon emissions of households
are found in unit communities at 723.79 kgCO2 per month, followed by commercial
communities at 580.01 kgCO2, and finally the traditional communities with 526.44 kgCO2

direct carbon emissions monthly. And the highest monthly indirect carbon emissions of
households are found in commercial communities at 707.70 kgCO2, followed by unit
communities at 669.38 kgCO2, and finally with 554.85 kgCO2 indirect carbon emissions
monthly in traditional communities. It concludes that the community type affects HCE
characteristics and their driving factors significantly. Household income, household
population, and the ownership of cars increase HCE in more than one type of
community. Scientific research work-related population, community environment
satisfaction, housing area have positive effects, while community convenience has
negative impacts on HCEs in one certain type of community. Policy implications
tailored to general and specific community types are proposed as the guidance of
carbon reduction and community transformation finally. This study contributes to the
understanding of the impact of community attributes on HCEs and proposes some
methods for microregional carbon emission reduction and the ecological
transformation of urban communities.
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INTRODUCTION

Over the years, the emission of greenhouse gases (GHGs)
especially CO2 is confirmed as the primary reason for global
warming (Eckstein et al., 2017). With the climate change caused
by global warming, natural disasters and extreme weather are
more likely to appear in those years (Calleja-Agius et al., 2021;
Marlon et al., 2021). In 2020, China accounts for 27.2% of global
energy consumption and 31.8% of global carbon emissions (BP
2021). Besides large amounts of industrial energy consumption,
the daily life of communities has become a significant producer of
greenhouse gases (Anderson et al., 2016; Lin et al., 2013; Yang and
Chen, 2011; Yang, S. et al., 2018). The household carbon
emissions (HCEs) accounted for 30–40% of China’s national
total emission between 2000 and 2010 (Li et al., 2019). And the
proportion shows a trend of growth (Wang and Yang, 2014). To
protect the environment and to explore the path of community
ecological construction and transformation development, CO2

emissions need to be controlled (Liu et al., 2021).
China emphasized the concept of carbon peak and carbon

neutral recently and it is essential for environmental health.
However, a broad and profound economic and social systemic
change is needed to achieve it (Huo et al., 2021; Zhang and
Hanaoka, 2021). Higher requirements have been given for the
promotion of new-type ecological civilization construction and
the realization of healthy and high-quality development (Bai
et al., 2019; Deng, 2021; Lin and Zhu, 2021). As the capital of
China, Beijing is in the process of transforming from a general
city to an ecological city, and it is also faced with the challenges
above, which will inevitably become obstacles to its development.
Given its special urban nature and development orientation, it
has a great demand for urban community transformation (Yang,
Q. et al., 2018; Yang, S. et al., 2018). During its urbanization, the
overexpansion of population, increasingly congested traffic,
housing prices continuing to rise, resources and environmental
carrying capacity are seriously insufficient (Wang et al., 2021),
and much more carbon emission has been brought into Beijing
with a high concentration of people and energy-consumed
industries. The reduction of HCE will play a significant role in
this section, and ecological communities will be the key to reduce
regional carbon emissions. Recently, scholars start to set their
sights on HCEs and discover methods to regulate carbon
emission from a more micro perspective.

The results of studies on carbon emission carried out
worldwide were impressive in the last 2 decades (Davis and
Caldeira, 2010; Yang and Chen, 2011; Sun and Huang, 2020;
Wang et al., 2021). Aside from the influence of carbon emission
on global warming, there are some studies on the impact of
carbon emission on public health and environmental protection
(Yang, Q. et al., 2018; Yang, S. et al., 2018). In China, studies on
carbon emission developed rapidly and HCE studies began after
2008 in different regions (Qin, 2009). Studies on HCE developed
rapidly throughout these years, and huge progress was made (Ye

et al., 2017; Zhang et al., 2021). In related studies, the growing
household consumption level was confirmed as the main reason
of the increase in emissions and waste (Wilson et al., 2013; Zhang
et al., 2020). The community-level carbon emission research
started at the same time as household level. At the same time,
due to the large scale and variety of local communities, ecological
community construction is expected to become a major way to
break the bottleneck of its development, so it has a typical
research significance. To reduce residents’ carbon emissions
and promote low-carbon community construction is to
strengthen the construction of a low-carbon society, an
important way to promote the development of low-carbon
communities and an important measure to mitigate global
warming.

Existing studies confirm that HCEs are divided into direct and
indirect carbon emissions (Liu et al., 2011; Zhang et al., 2015).
However, the academic circle has not formed a strict unified
standard for the estimation boundary of household direct and
indirect carbon emissions. In general, direct carbon emissions
refer to those that are obtained from energy consumption, such as
fossil fuels and electricity. Indirect carbon emissions refer to the
carbon emission from consumer goods and services, including
food, clothes, and furniture, caused by the energy consumption
during industrial production (Bin and Dowlatabadi, 2005; Liu
et al., 2011; Zhang et al., 2015; Chen et al., 2019). Another point of
view is that HCEs can be divided into three tiers. Tier 1 is direct
carbon emissions, including only fossil fuels that directly produce
carbon emissions; Tier 2 and tier 3 are indirect carbon emissions;
tier 2 is energy consumption that does not directly emit carbon
emissions, such as electricity and heating. Tier 3 are emissions
from products and services (Matthews et al., 2008; Kenny and
Gray, 2009; Andrew and Cortese, 2011; Zhao, 2019).

As for the influential factors of HCEs, socioeconomic factors,
household characteristics, and geographic factors are widely
considered (Li et al., 2016; Yang et al., 2016; Zhang et al.,
2015). On the basis of previous studies, Zhang et al. (2015)
summarized that the household income, age, household size,
education level, household location, gender, and rebound effects
are major influencing factors of HCEs. However, fewer studies
have taken community attributes into consideration. Gu et al.
(2013) illustrated the disparity in transport energy consumption
of different residential communities. In Yang et al. (2016)’s study,
HCEs are relevantly inequal in different communities, and this is
due to the different level of infrastructure construction and
commuting distance. Rong et al. (2020) demonstrated the
influence of the built environment on HCEs. More profound
influential factors on community attributes are looking forward
to being examined in the following HCE studies (Rong et al.,
2020; Yang et al., 2016).

The consumer lifestyle approach (CLA) was first proposed by
Bin and Dowlatabadi (2005) for exploring consumer-related
energy consumption and carbon emission. In China, the term
CLA was first carried out in the same year (Wei et al., 2007). In
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previous studies, CLA was considered to be more efficient by
combining the advantages of the input–output model and
emission coefficient method (ECM), but it is complicated to
apply (Zhang et al., 2015). CLA provides an integrated
evaluation framework that is a clear understanding of the
interaction factors affecting consumers, personal determinants,
household characteristics, consumer choices, and consequences.
Previous studies are more focused on the overall carbon
emissions of communities (Adalilar et al., 2015; Rong et al.,
2020), and CLA contributes to correlating carbon emissions
with residents’ lifestyles, revealing effective pathways for the
government to formulate effective policies of energy
conservation and emission reduction targeting urban
communities.

In this paper, different structures of CO2 emissions among
three types of communities are estimated based on household
survey questionnaires, and the influencing factors on the carbon
emission of residents in different communities are identified. In
our research, communities are classified differently and the
factors involved, especially the factors of HCEs, are different
from early studies. This paper contributes to the previous studies
with the following perspectives: we explore new boundaries of
HCE evaluation based on traditional studies with the selection of
typical and distinctive communities. In addition, we focus more
upon community residential services as well as attributes and
their connections with HCEs, instead of simply explaining their
structural features. Through our research, we hope to reveal the
differences in HCE and their influential factors, respectively,
between typical communities. Then, we can explore the eco-
transformation solutions for the significant influential factors.

The remainder of this paper is organized as follows: in Study
Area, the research area is introduced, in Methodology and Data,
the relevant data are collected and analyzed, and the
corresponding mathematical method is introduced. In Results,
the results of HCE characteristics and driving factors in different
communities are presented. The obtained results are discussed in
Discussions; the policy implications obtained from this research
are drawn in Policy Implications. Conclusion draws conclusions.

STUDY AREA

Beijing is the capital of China with the Global Positioning System
(GPS) coordinates of 39°55′0.0048″N and 116°22′59.9916″E,
which is located in the northern part of the North China
Plain. Because of its dynamic economy, high-level
urbanization construction, and strong innovation capability,
Beijing has become an important engine for the economic
development of north China. As the political, economic, and
cultural center of China, Beijing has a large population of more
than 20 million and a high GDP per capita, reaching up to
164,889 yuan in 2020 according to the National Bureau of
Statistics (China Statistical Yearbook, 2021). Relying on a long
history and a developed economy, Beijing has several different
types of communities with distinctive characteristics: traditional
communities, unit communities, and commercial housing
communities. Due to the excellent protection of traditional

buildings, a large number of houses and traditional
communities built in the Ming and Qing dynasties have been
preserved in Beijing. In addition, because of historical reasons,
there are unit communities that are developed and uniformly
allocated by the government and commercial communities,
which are developed by commercial companies and allocated
by the market. These three types of communities have obvious
differences in lifestyles, consumption patterns, resource
utilization styles, ecological adaptation, and public services.
However, with the target of sustainable development, these
three communities are facing the same challenge: ecological
transformation. As widely recognized, the concept of the
ecological community is committed to seeking harmony
among people, society, and the environment (Dalton et al.,
2007; Maliene et al., 2008; Roseland, 2012), and energy-saving
and emission reduction in residential areas are thus one inevitable
pathway for the ecological transformation of communities (Yang
et al., 2016). For the reason that the study of community
ecological transformation requires different types of research
samples, Beijing has become a natural testing ground for
studying the ecological transformation of communities in the
process of ecological civilization construction and urban–rural
integration development.

METHODOLOGY AND DATA

HCEs in communities can be divided into direct carbon
emissions and indirect carbon emissions, of which the direct
carbon emissions are building energy consumption system and
transportation system emissions (Wei et al., 2007), as shown in
Figure 1.

The estimation of direct carbon emissions was based on the
ECM. Indirect carbon emissions are estimated by the conceptual
model of consumers’ lifestyle and input–output method after the
carbon emission coefficients of eight types of household
expenditures were determined, and the carbon emissions
implied in the production of products and services obtained
by households in the process of consumption were calculated.

Estimation of Household Direct CO2

Emissions
Direct carbon emissions in this paper refer to those produced
from the energy consumption process of cooking, heating,
lighting, and transportation, which were calculated from 2
sources: building energy consumption system and
transportation system.

Carbon Emissions FromBuilding Energy Consumption
System
According to the Intergovernmental Panel on Climate Change
(IPCC) Guidelines for National Greenhouse Gas Inventories
2017 and “China Energy Statistical Yearbook”, the energy
consumed by communities in Beijing can be divided into three
categories: residential electricity, gas, and heating. The accounting
formula is (Fan et al., 2013; Liang et al., 2013; Chancel, 2014)
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Ei � ∑
n

i

Fi × EFi

where Ei is the carbon emissions generated by the monthly
average i energy consumption of households; Fi is the
monthly average energy consumption of i consumption; EFi is
the carbon emission factor of i energy consumption; and i is the
energy type. The carbon emission factors are based on the method
used by the IPCC (2006), and their main data and data sources are
shown in the following Table 1:

Carbon Emissions From Transportation System
Private cars, online car-hailing, motorcycles, buses, planes,
trains, bicycles, and electric cars are the significant means of
transportation used by modern families. Carbon emission
accounting in the category of community microresearch
should have clear regional boundaries. Residents often
travel beyond the community boundaries by long-distance
vehicles such as planes and trains, so the carbon emissions
generated are not included in this research, and these
transportation modes are not considered. In recent years,
Beijing has adopted a series of traffic management measures
on motorcycles and implemented regulations banning

motorcycles on many road sections from 2021, which has
gradually reduced the number of families traveling by
motorcycle. Shared bikes, private bikes, buses, and subways
are commonly used, but their carbon emissions are low and
data are not readily available. The carbon emissions of electric
vehicles are accounted for in the building energy system in the
form of household electricity consumption. To sum up, this
paper only considers private cars and online car-hailing, which
have high carbon emissions and are frequently used by
residents for daily travel, and establishes a carbon emission
model by referring to relevant literature (Yang et al., 2016) and
the data required is declared in Table 2.

Carbon Emissions From Private Car

Epc � Costgas
Pricegas

× EFgas

where Epc refers to the average monthly carbon emissions
generated by driving a private car; Costgas is family monthly
gasoline expenditure per capita; Pricegas is the price of gasoline;
and EFgas is the carbon emission factor of gasoline.

FIGURE 1 | Boundary of household carbon emissions’ estimation system.
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Carbon Emissions From Online Car-Hailing

Ehailing � Dhailing × GChailing × (1 − vacant) × EFgas

where Ehailing is the carbon emission generated by a family getting
a car-hailing service every month; Dhailing is the distance in
kilometers that a family travels by ride-hailing per week;
GChailing is the car-hailing gasoline consumption amount;
vacant is the vacancy rate; and EFgas is the carbon emission
factor of fuel when hailing a car.

Estimation of Household Indirect CO2

Emissions
Indirect carbon emission refers to the carbon emission indirectly
generated by residents in the process of obtaining consumer
goods and services to meet the needs of household food, clothing,
housing, and transportation. The paper adopts the consumer
lifestyle method (Feng et al., 2011; Wang and Yang, 2014; Chen
et al., 2019) to determine the carbon emission coefficient of
household consumption for accounting.

The common practice is based on the classification of the “China
Energy Statistical Yearbook,” dividing the household consumption
expenditure for food, clothing, supplies and services, healthcare,
transportation, communication, education, culture and
entertainment, eight housing, and other goods and services with
reference toWei et al. (2007) and others, each corresponding to one
or more of the production departments. In this paper, our divisions
of household consumption departments are shown in Table 3. The
ratio of production carbon emission to the output value of multiple
industries is used to represent the carbon emission coefficient of each
type of expenditure, and the indirect carbon emission generated by
consumption expenditure is determined by combining
consumption.

The input–output method is a frequently used optimization
method in the application of CLA in China in recent years (Zhang
et al., 2015). It is a common method to quantify and estimate
carbon emissions (Wang et al., 2019). It was originally established
by the American economistW. Leontief, and Bicknell et al. (1998)
applied it and explained the principle reasonably. It determines
the carbon emission coefficient by considering the correlation
between industries, which can reflect the change of carbon
emission caused by the change of one or more industries.

The formula is listed as follows:

C � F Y � F′(I − A)−1Y
where C is the carbon emission of household indirect energy
consumption; F represents the implied carbon emission intensity
of departments in the n × n input–output table; F′ represents the
departments’ direct carbon emission intensity; A is the direct
consumption coefficient matrix of the n × n input–output table; I
is the same order of the identity matrix as A; Y is the column
vector, representing the expenditure of the family; (I – A)−1 is the
Leontief inverse matrix, which shows the impact on all other
departments when there are technological changes in a sector of
the national economy.

Data Sources
In order to simplify the calculation and consider the
availability of data, this paper uses the carbon emission
coefficient of standard coal to calculate the carbon emission
of industry production (Tu and Liu, 2014). Since the
input–output table is published every 5 years, the
input–output table used in this paper comes from the
relevant data of the 2017 Beijing Input–Output Table, and
the energy consumption of various industries comes from the
“2018 Beijing Statistical Yearbook.” The household
characteristics of Beijing residents, including basic
household information, household energy consumption, the
consumption of life services, community life satisfaction, and
residents’ decision-making behavior evaluation, were collected
by a questionnaire survey.

The community type should have its representative
characteristic and distinct characteristic. Based on
community classification in the existing research results,
this article first embarks from the community property,
which could be divided into the traditional community,
unit community, and commercial housing community, and
selected the Beijing six rings of those three types of typical
communities as the data sampling objects. The distribution of
survey samples is shown in Figure 2. The survey covered six
districts and 11 streets in Beijing, namely, the inner city
(Dongcheng and Xicheng) and the inner-city suburbs
(Chaoyang, Haidian, and Shijingshan). We adopted the
method of random sampling, and distributed roughly the
same number of questionnaires to each target community,
which were scattered in space and did not overlap each other.
Moreover, due to the randomness of questionnaire
distribution, the interference of some subjective factors
could be well avoided. Since the survey was conducted by a
one-to-one interview, the authenticity and accuracy of data
acquisition were also guaranteed. Thus, the differences of the
community location, management mode, and residents’
income class make the selection of the three communities
believed to have the significance of horizontal comparative
analysis.

Based on the existing research and experts’ opinions, the
questionnaire of our survey was divided into five modules:
the basic information of individuals and families,
information of household energy consumption, information
of household life service consumption, community life
satisfaction, and residents’ decision-making behavior
evaluation. The rationality and feasibility of the
questionnaire were determined through a pre-survey through
online channels, and the survey was officially started after
several revisions. In the early stage of the survey,
questionnaires were collected through field visits and one-to-
one interviews. In the later stage, due to the impact of the
COVID-19, questionnaires were collected through the Internet.
Finally, we collected 185 valid household samples.

This paper defines influencing factors such as housing
satisfaction and participation in energy conservation and
environmental protection based on the existing data obtained
from the questionnaire. From the family and community levels,
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we assumed that there are a total of 17 influence factors, including
the family monthly income, family structure, engaged in scientific
research work, age structure, level of education, floor, housing
area, travel mode, air conditioning temperature settings,
environment satisfaction, housing satisfaction, energy
conservation, environmental protection, activity participation,
degree of willingness to participate in community
management, community facilities, and car ownership.

Empirical Models
Referring to the cross-sectional data model of the influencing
factors of carbon emissions in existing studies, we took the total
carbon emissions of traditional communities, unit communities,
and commercial housing communities as dependent variables
and studied the impact of the influencing factors on carbon
emissions by applying econometrics analysis. The basic model
is preliminarily set as

FIGURE 2 | Distribution of the 185 selected household samples.

TABLE 1 | Carbon emission factor of energy.

Energy type i Carbon emission factor Unit Data sources

Electricity 1.00 kgCO2/kWh Carbon Emission Factors of the North Grid in 2016
Natural gas 2.09 kgCO2/m

3 IPCC Guidelines for National Greenhouse Gas Inventories 2006
Liquefied petroleum gas (LPG) 43.21 kgCO2/can IPCC Guidelines for National Greenhouse Gas Inventories 2006
Coal 1.98 kgCO2/kg IPCC Guidelines for National Greenhouse Gas Inventories 2006
Heating 27.50 kgCO2/m

2 Building Energy Research Center, Tsinghua University
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TABLE 2 | Data declaration of transportation carbon emissions estimation.

Data declaration Sources

Household expenditure on gasoline of private car (month) Micro survey data
Price of gasoline National Development and Reform Commission
Carbon emission factor of gasoline IPCC 2006
frequency on car-hailing services (week) Micro survey data
Average distance of riding car-hailing services Micro survey data
Gasoline consumption per km of hailing-car and its vacant rate National average data

TABLE 3 | Related sectors of consumer expenditure.

Number Consumer expenditure Related sectors

1 Food Processing of food from agricultural products, manufacture of foods, manufacture of wine, beverage and refined
tea, manufacture of cigarettes and tobacco

2 Clothing Manufacture of textile, manufacture of textile wearing apparel and ornament
3 Residence Construction, manufacture of non-metallic mineral products, manufacture of fabricated metal products, renting and

leasing activities and business services
4 Equipment supplies and services Processing of timbers, manufacture of wood, bamboo, rattan, palm, and straw products, manufacture of furniture,

manufacture of electrical machinery and equipment
5 Transportation and communication Manufacture of computer, communication equipment and other electronic equipment, information transmission,

software and information technology services, manufacture of motor vehicles, manufacture of railway locomotives,
building of ships and boats, manufacture of air and spacecrafts and other transportation equipment

6 Cultural and educational goods and
services

Manufacture of paper and paper products, printing, reproduction of recording media, manufacture of articles for
culture, education, artwork, sport and entertainment activities, education, culture, sports, and entertainment

7 Medical care Healthcare and social works
8 Other services Wholesale and retail trade, accommodation and restaurants, resident services, repair, and other services

TABLE 4 | The definitions of variables in regression analysis.

Variable Variable
symbol

Definitions

Total carbon emissions y1 The sum of direct and indirect carbon emissions
Direct carbon emissions y2 Household carbon emissions caused from energy consumption
Indirect carbon emissions y3 Household carbon emissions caused from services consumption
Total monthly income x1 Monthly total income in a household (yuan)
Total household population x2 one member = 1, two members = 2, three members = 3, four members = 4, five or more

than five members = 5
Engaged in scientific research related work x3 Engaged in scientific research = 1, otherwise = 0
Age structure x4 Proportion of the youth population to the total number of families aged 18–65
Education Level x5 Average education level, primary school and below = 0, junior high school = 1, senior high

school or technical secondary school = 2, junior college = 3, bachelor’s degree = 4, master’s
degree and above = 5

Floor x6 Floor of household
Housing area x7 Housing area for residential construction (m2)
Trip mode x8 Car or online car-hailing = 0, otherwise = 1
The temperature setting of air conditioner x9 Air-conditional temperature set in summer <21°C = 1, 22–24°C = 2, 25–27°C = 4, 28°C and

above = 5
Housing satisfaction x10 Average value of house type, area, and lighting satisfaction
Participation in energy conservation and environmental
protection activities

x11 Average value of trip mode, air conditioning temperature, environmental decoration, garbage
sorting, and community management willingness

Ownership of cars x12 Household with car = 1, otherwise = 0
Permanent residents x13 Inhabitant in the community = 1, otherwise = 0
Job involvement x14 The percentage of adults in households who are working
Urban residents x15 Permanent urban residence certificate = 1, otherwise = 0
Lighting x16 To the south = 1, otherwise = 0
Community convenience satisfaction x17 Average value of the accessibility to supermarket, subway and employment place (accessible

in 20 min by walking = 1, otherwise = 0)

Frontiers in Environmental Science | www.frontiersin.org April 2022 | Volume 10 | Article 8439207

Wang et al. Household Carbon Emissions in Communities

122

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


y � β0 + β1x1 + β2x2 + . . . + β16x16 + ε

where x1, x2,. . .. . ., x16 is the independent variables as follows
(Table 4) and y is the total residential carbon emission in the
three types of communities. The definitions of variables are
shown in the following Table 4.

It is assumed that the observed individuals of the cross-sectional
data are independent and there is no autocorrelation. Therefore, the
Variance Inflation Factor (VIF) test, Breusch-Pagan (BP) test, and
White test are carried out on the explained variables, respectively,
and some factors that have negative effects on the model are
removed by stepwise regression. Taking the traditional
community as an example, we first test the multicollinearity of
independent variables. The correlation matrices of the independent
variables and variance inflation factor in the multiple regression
model both indicate that there is no multicollinearity in the
independent variables. The p-value of the BP test is 0.000,
indicating that the independent variable has heteroscedasticity, so
the heteroscedasticity robust standard error is added for correction.

After the modification, the two-stage least square method
(2SLS) command was applied to it, and it was found that the
estimators of the two models had little difference, and there was
no endogeneity problem. For further verification, environmental
satisfaction was set to be an endogenous variable. According to
the coefficient of the correlation matrix, it is found that the
correlation between environmental satisfaction and
infrastructure satisfaction of tool variables is 0.599, which is
suitable to be a tool variable of environmental satisfaction.
Assuming that all other variables are exogenous, the 2SLS was
used for regression. The results of Anderson Canon. Corr. LM
Statistic and Cragg–Donald Wald F Statistic show that the
instrumental variables pass the over recognition and just
recognition tests. Also, for the test, namely, the results of the
Minimum Eigenvalue statistic, its value 32.2022 significantly
rejected the null hypothesis of the existence of weak
instrumental variables. We also carried out the Durbin Wu
Hausman (DWH) test to test the endogeneity of explanatory
variables because of heteroscedasticity, and all the results above
proved that the original hypothesis is verified without an
endogeneity problem and all variables are considered
exogenous. A more robust model is selected under the
condition that there is no significant difference in estimated
values and no significant difference in parameters.

RESULTS

Basic Characteristics of the Three Typical
Communities
From the data gathered in the survey, the basic characteristics of
the three typical communities (traditional community, unit
community, and commercial housing community) are
portrayed in Table 5.

As shown, the community type affects its attributes
significantly. The residents of traditional communities share
the lowest income among the three types of communities. At
the same time, this kind of community lacks labor-aged people
more than the other two, with an average age structure of 0.72.
The commercial housing community appears to have a much
younger age structure of 0.94 and a higher level of education, at
3.61; thus, the respondents in this kind of community share the
highest average income of 34,415. The family pattern of 2 or 3
members is common in commercial housing communities. The
satisfaction with the community environment there is highest,
while those with supporting facilities came in second place among
three communities, respectively, at 3.88 and 3.76.

Characteristics of Carbon Emissions of
Different Communities
Figure 3 illustrates the estimation of direct carbon emissions in
three typical communities. The estimation of indirect carbon
emissions of the three typical communities is exhibited in Table 6
and Figure 4, and the structure of that is demonstrated in
Figure 5.

Estimated direct carbon emissions are presented with the
quantitative relation of unit community > commercial housing
community > traditional community, while indirect carbon
emissions are presented with the quantitative relation of
commercial housing community > unit community >
traditional community.

The average monthly direct carbon emissions of households in
the unit community are the largest at 723.79 kgCO2, followed by
the commercial housing community at 580.01 kgCO2 and
traditional community at 526.44 kgCO2. Between its two
subsystems, the building energy consumption system accounts
for the maximum proportion, which takes more than 70% of
direct carbon emissions in all three communities. The

TABLE 5 | Basic characteristics of three typical communities.

Community type Sample size
(person)

Average
family size (*)

Average age
structure (*)

Average level of
education (*)

Average household
income (yuan)

Satisfaction with
community

environment (*)

Satisfaction
with supporting

facilities (*)

Traditional
community

54 3.33 0.72 1.92 13,280 3.37 3.15

Unit community 53 4.33 0.78 2.70 19,877 3.71 3.81
Commercial housing
community

78 2.60 0.94 3.61 34,415 3.88 3.76

Note: Satisfaction with community environment is calculated with the average level of the surrounding environment and environmental protection work in community; Satisfaction with
supporting facilities is calculated with the average level of seven kinds of facilities needed for daily life in community. The definitions of other indicators with * are consistent with Table 4.
Average family size, both satisfactions and average level of education are valued by the full mark of 5. Average age structure ranges from 0 to 1.
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transportation carbon emissions correspondingly take less than
30% of direct carbon emissions in all three communities. With
the largest population scale, households in unit communities
produce 559.78 kgCO2 monthly from the building energy
consumption system. On the contrary, households in

traditional and commercial communities produce much lower
carbon emissions from building energy consumption at 397.40
and 410.93 kgCO2, respectively, mainly because of their smaller
family size. The transportation carbon emissions in the
traditional community are the lowest with 129.04 kgCO2 per

FIGURE 3 | Direct carbon emissions per month in three typical communities.

TABLE 6 | Estimation of indirect carbon emissions of three typical communities (kg/month).

Community
type

Food Clothing Residence Equipment
supplies and

services

Transportation and
communication

Cultural and
educational goods

and services

Medical
care

Other
services

Total amount
of indirect
carbon
emission

Traditional
community

201.40 86.05 85.44 51.34 24.32 43.54 48.98 13.78 554.85

Unit community 187.70 123.32 84.96 53.15 51.52 114.89 33.05 20.80 669.38
Commercial
housing
community

187.30 126.96 155.33 67.51 41.34 58.79 33.23 37.25 707.70

FIGURE 4 | Indirect carbon emissions per month in three typical communities.
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or colleges in China and perform cultural consumption more
frequently.

Combining and comparing the direct and indirect carbon
emissions, it can be found that the unit community owns the
highest total carbon emissions among three types of
communities, which is 1393.17 kgCO2, followed by
commercial housing community with 1287.71 kgCO2, and the
lowest in traditional community, which is 1081.29 kgCO2.
Among them, the average indirect carbon emissions of the
three types of communities exceeded direct carbon emissions,
indicating that indirect carbon emissions accounted for a greater
proportion of HCEs in the general community. However,
according to the above calculation results, the indirect carbon
emission of traditional community is 28.41 kg higher than direct
carbon emission, while the indirect carbon emission of unit
community is 54.41 kg lower than direct carbon emission. The
indirect carbon emission of commercial housing communities is
much higher than direct carbon emission, reaching 127.69 kg.

Analysis of Household Carbon Emission
Influential Factors
We further conducted the econometric regression model to
examine the influential factors of total carbon emissions in
three different types of communities. The results showed that
the monthly income in households has shown a significant
positive correlation with total carbon emissions in three
communities, which means that the household income
increases total carbon emissions (Table 7). Results also
indicated that income is one of the most important factors
influencing HCEs. In three types of communities, one
enhanced standard unit of income increases 2.659, 1.611, and
0.463 of total HCEs, respectively. Household population plays a
vital role in HCEs in unit communities and commercial housing
communities. Compared to income, this variable increases HCEs
both directly and indirectly. When the household population in
unit communities and commercial housing communities
increased by one unit, more 0.261 and 0.22 HCEs will be

TABLE 7 | Regression analysis results of HCEs in three typical communities.

Total HCEs Coef. St.Err. p-value Sig

Traditional Community Population 0.139 0.083 0.102
Salary 2.659 0.455 0 ***
car_own 0.117 0.047 0.017 **
Area 0.201 0.519 0.7
sci_research 0.249 0.088 0.007 ***
Convenient 0.17 0.136 0.217
EnvironSat 0.217 0.093 0.024 **
Working −0.005 0.106 0.961
Constant −0.165 0.133 0.219
N 54
R-squared 0.645
F 37.687

Unit Community Population 0.261 0.001 0.001 ***
Salary 1.611 0 0 ***
car_own 0.139 0.005 0.005 ***
Area 0.563 0 0 ***
sci_research 0.016 0.75 0.75
Convenient −0.324 0.003 0.003 ***
EnvironSat −0.124 0.331 0.331
Working −0.04 0.688 0.688
Constant 0.385 0.003 0.003 ***
N 53
R-squared 0.649
F 28.557

Commercial Housing Community Population 0.22 331.174 0.028 **
Salary 0.463 300.483 0 ***
car_own 0.076 167.396 0.15
Area 0.563 1667.189 0.24
sci_research 0.041 125.545 0.336
Convenient 0.072 245.645 0.401
EnvironSat 0.099 292.165 0.335
Working 0.234 519.253 0.154
Constant −0.131 544.574 0.479
N 78
R-squared 0.304
F 8.739

Note: ***p < 0.01, **p < 0.05, *p < 0.1. Population represents total household population, salary represents total monthly income, car_own represents ownership of cars, area represents
housing area, sci_research represents engaged in scientific research related work, convenient represents community convenience satisfaction, environSat represents housing
satisfaction.

Frontiers in Environmental Science | www.frontiersin.org April 2022 | Volume 10 | Article 843920

Wang et al. Household Carbon Emissions in Communities

126

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


emitted. However, our research shows that its impact on HCEs in
traditional communities is much weaker than the other two and is
not strong enough to be significant. The obtained also depicts that
car ownership is positively correlated with HCEs in both
traditional communities and unit communities, at the level of
5% and 1%, respectively. It was also reported that the households
with cars in these two communities produce more 0.117 and
0.139 of HCEs than those without cars monthly. However, car
ownership is not in a statistically significant positive correlation
with HCEs in commercial housing communities.

In addition to universal influential factors in more than one
type of community, each community owns some unique driving
factors of HCEs there, which reflects their varied attributes and
other characteristics. In traditional communities, there existed
significant positive correlations between engaged in scientific
research-related work and environmental satisfaction and
HCEs. In unit communities, the housing area is positively
correlated with carbon emissions while community
convenience is negatively correlated with HCEs. Besides
income and household population, no other unique significant
correlations can be found between HCEs and other variables; the
personnel involved in scientific research have a significant impact
at the 1% level, and each additional unit of personnel involved in
scientific research in the family will increase HCEs in traditional
communities by 0.249. Carbon emissions are positively correlated
with environmental satisfaction at the level of 0.05, and every unit
increases in environmental satisfaction will increase carbon
emissions by 0.217. In unit communities, there existed a
positive correlation between the housing area and HCEs, and
this impact is significant under the 1% level, and every 1 standard
unit increase in the housing area increases carbon emissions by
0.563. The degree of convenience is proven to decrease carbon
emissions significantly in unit communities. Each added degree
of community convenience can reduce 0.324 of HCEs here.

During the process of the linear regression model, there are
some other influential factors of HCEs that can be enlightening to
us, although they were not statistically significant enough in each
kind of community. The results suggest a positive correlation
between the household population on the average level of
education and carbon emissions in the commercial housing
communities, but in the unit communities and traditional
communities, this correlation turns out to be negative.

DISCUSSIONS

From our HCE estimation model, we draw the conclusion that
both direct and indirect carbon emissions in three communities
are distinctive, and those differences are detailed and showed the
unique features of typical sort of communities clearly. In
comparison, existing studies concentrate more on exploring
the changes of HCEs cross-time and the inequality between
urban and rural areas (Donglan et al., 2010; Feng et al., 2011;
Wang and Yang, 2014; Chen et al., 2019). Our study design is
based on a new vision concerning the inequality of HCEs in
communities, and what we obtained declares that the
phenomenon of unbalanced HCEs can occur in more

microspatial units than urban and rural, or developed and
developing, places. As for the quantitative relationship of two
carbon sources, it is widely accepted that indirect carbon
emissions account for most or the majority of HCEs (Zhang
et al., 2015; Yin et al., 2020), but this study found that although
the average amount of indirect carbon emissions in three
communities is more than direct carbon emissions, the
households in unit communities produce more direct carbon
emissions than indirect ones while the remaining two types of
community indirect carbon emissions are more than direct
carbon emissions. A possible explanation is that with the
application of clean production and energy-saving
technologies (Khan et al., 2019), the embedded carbon
intensities in industrial production are much lower in Beijing
recently, and the defined calculating boundary of carbon
emissions in different studies plays a role in the disparity of
their findings. Our results provide insights for revealing the
different quantitative relations of direct and indirect HCEs in
different kinds of communities, which can be heuristic in future
studies. More than one kind of community presents a positive
correlation between car ownership and HCEs.

In terms of influencing factors, existing studies suggested that
household expenditure or income is one of the most important
driving factors of carbon emissions (Pachauri, 2004; Weber and
Matthews, 2008; Xu et al., 2015; Li et al., 2016) which was
consistent with our results. It is believed that income affects
the purchasing power of households, differing their lifestyles and
characteristics of consumption structure to shape their carbon
emissions indirectly. Higher incomes are closely associated with
high-quality life, as well as higher daily expenditure.

The household population is also recognized to have a
significant positive correlation with HCEs in many papers (Qu
et al., 2013; Xue, 2020; Yang and Liu, 2017). It is reasonable that
the more members in a household, the more HCEs foreseeable to
emit because people are the dual subjects of both basic energy and
living services or goods consumption. However, from what we
attained in this study, because it was lacking young family
members, the carbon emissions in traditional community
households are not significantly correlated with the household
population. A possible explanation is that young family members
seldom settle in traditional communities for long with their
parents, leaving fewer energy needs in households there. Since
that, it presents that the permanent population in households is a
better choice for future studies. On the whole, the HCE drivers
suiting all kinds of communities in this paper are the household
income and household permanent population to a certain extent.
Similar to Lyons et al. (2012), we find that the household income
is a more significant driving force of HCEs in households than the
household population.

The impact of car ownership on HCEs shows a significant
positive effect in both traditional communities and unit
communities. The daily use of vehicles increases HCEs from
transportation (Wang and Liu, 2015; Xu et al., 2015), but it is
worth mentioning that car ownership shapes lifestyle and
personal decisions dramatically in modern society, from which
more carbon emissions can be produced. In commercial housing
communities, the impact of car ownership on HCEs is also

Frontiers in Environmental Science | www.frontiersin.org April 2022 | Volume 10 | Article 843920

Wang et al. Household Carbon Emissions in Communities

127

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


positive but not statistically significant enough. Only 20.5% of
residents choose car driving or car-hailing as their major travel
decisions, while the percentage of private car owners here is
65.3%, which verifies that cars are not frequently used here for
daily transportations. Besides, the large composition of
consumption-induced indirect HCEs in carbon emissions
structures there inhibits the positive effect of transportation
carbon emissions in some means.

The other significant influential factors of HCEs obtained
from our study are the scientific research work-related
population, community environment satisfaction, housing
area, and community convenience, which belongs to one
certain kind of communities.

In traditional communities, scientific research work-related
population and community environmental satisfaction are
proven to increase HCEs here. The personnel involved in
scientific research participate in more cultural and educational
services and spendmore in this field. At the same time, the carbon
emission intensity of cultural and educational activities has also
been confirmed to have a significant improvement in recent years.
Additionally, the personnel involved in scientific research are
generally highly educated, which may have more requirements
for the quality of life and more frequent traffic activities (Büchs
and Schnepf, 2013; Han et al., 2015) and such people may have a
more luxurious lifestyle. These characteristics of people in those
occupations are contrary to the overall structure of the main
residents in the traditional communities, who are older and prefer
a simple life and single carbon energy consumption concentrated
in the basic daily consumption activities, making this factor
significantly stimulate the carbon emissions of traditional
communities to rise. This also suggests that households living
in environmentally sound communities could have higher
incomes and are able to pursue a better quality of life, but that
higher environmental satisfaction in such communities may not
be proportional to higher energy conservation awareness.

In unit communities, housing areas increase but the
community convenience reduces HCEs significantly. This is
mainly because the larger the residential area, the more the
fixed devices, and the more energy needed (Li et al., 2019).
When heating equipment is used, more energy is needed to
achieve the same effect, so carbon emissions will consequently
increase. Due to the frequent short-haul transmission between
households and workplaces in this certain type of communities,
the improvement of community convenience can reduce a lot of
transportation carbon emissions there (Yang et al., 2016). This
sheds a light on the importance of urban convenience in the
means of carbon reduction (Rong et al., 2018).

Our study portrays the distinction between these three typical
communities in Beijing via a new perspective: carbon emissions
and their driving factors. From the aspect of carbon emissions,
traditional communities emit the lowest total carbon emissions
among the three types of communities, which is caused by the low
mobility of its residents and their limited life quality demands.
The commercial housing community takes the highest part of
indirect carbon emission in the three kinds of communities,
which suggests that the residents there are more likely wealthy
and expect high life quality during daily living. The unit

communities should be ones with both the largest household
scale and total carbon emissions. As for the carbon emissions’
influential factors, they indicate that traditional communities and
unit communities are a characteristic with most significant
drivers and can be regulated with carbon restriction targets
through multiple pathways. However, each of these two types
of communities is very distinctive; carbon emissions in traditional
communities are concentrated on community environment and
human-related factors, like community environment satisfaction
and scientific research work-related population,. while those in
unit communities are more tightly related with community
functions, such as convenience and housing area. Commercial
housing communities are correspondingly the most complex or
unknown type of community among these three types of
communities with less obvious drivers. The following studies
need to concentrate on these kinds of communities more from
multi-angles to dig the mechanism behind their complexity.

Considered as important emitters of carbon emissions,
households gain the great attention of scholars in recent years.
In recent studies, the necessary data are mostly gathered from the
microsurvey and their quality and quantity are highly connected
with the credibility of study results (Zhang et al., 2015). To study
HCEs more accurately and profoundly, more available related
data should be provided with open access. Due to the limited
resources, our research needs more effective samples to revise
itself as with many survey studies. The following studies should
enlarge the scale of the samples and re-examine the conclusions,
and more classification of households should be taken into
consideration in the future. Further studies exploring the
interrelation between HCEs and community attributes can
concentrate more on the concept of eco-community,
establishing widely applicable models of community carbon
emissions and estimating their eco-efficiency. Furthermore, we
can evaluate the community management mode, and propose
reasonable decision-making intention, treat the community as an
independent unit to manage carbon emissions.

POLICY IMPLICATIONS

According to the results obtained in our study, concrete policies
can be proposed to deal with carbon emissions in different
communities specifically. Food consumption accounts for the
largest share of indirect carbon emissions from eight types of
consumption. Household food purchasing should be based on the
principle of an appropriate amount; avoiding waste as much as
possible, the consumption mode of unit community and commercial
housing community is more diversified, and the quality requirements
of daily life, clothing, and daily necessities are higher. It should mainly
guide the rational consumption of these two types of community
residents, thrift, and form a correct consumption concept. Residents
in traditional communities are generally older and have simple
lifestyles, which prefer needy daily consumption. We should add
health equipment and provide exercise places, which can reduce
medical consumption-induced HCEs to some extent. The
commercial housing community and unit community residents’
lifestyles are relatively complex and diverse; guiding their green

Frontiers in Environmental Science | www.frontiersin.org April 2022 | Volume 10 | Article 843920

Wang et al. Household Carbon Emissions in Communities

128

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


consumption to alleviate carbon emissions is more important. In
particular, it is necessary to strengthen the investment in
infrastructure in the unit communities. In the unit communities,
improving the convenience of the community will greatly reduce the
utilization rate of transportation tools or the frequency of the use of
private cars. Under the condition of improving the same
convenience, the unit community can achieve a better emission
reduction effect than the other two communities.

On the whole, the following policy implications based on
universal influential factors in three types of the community also
need wide attention. With the steady growth of per capita
disposable income, the level of indirect carbon emissions will
remain high. Relevant policies should be promoted to improve
the consumption structure of residents, encourage and guide
green consumption, and reduce the proportion of consumption
of goods with high carbon emissions. In our research, it is found
that the residents’ living habits are one of the important factors
affecting community carbon emissions. The government needs
to strengthen the publicity of environmental protection and
improve the residents’ living habits. At the same time, the
residents’ consumption behavior can also be restrained by
controlling energy prices within a reasonable range. In
addition, promoting the development and utilization of
renewable energy promotes the technology research and
development and achieves the transformation of solar energy,
tidal energy, and wind energy as well and realizes the
technological breakthrough and practical application as soon
as possible. More investment, development, and utilization of
low-energy-consumption equipment. At the same time, the
government will improve the coverage and utilization rate of
low-carbon equipment through subsidies or tax exemption for
low-carbon equipment in order to phase out traditional
household equipment with low energy efficiency and high
energy consumption. Manufacturers should be encouraged to
continuously develop and launch household equipment with
higher energy efficiency and lower energy consumption. Then,
low-carbon transformation should be carried out at the
community level to reduce carbon emissions without
reducing the residents’ living standards.

CONCLUSION

This paper mainly analyzed the different characteristics of
HCEs in three kinds of typical communities in Beijing and
driving factors behind them, aiming to assist the ecological
transformation of urban communities. During our research,
we tried to examine the interaction between community
attributes and HCEs and provide implications for
policymakers to congratulate carbon emissions specifically
on microspatial units: communities. Based on a micro
survey conducted with 185 samples, we utilized the ECM
method and input–output revised CLA method to evaluate
HCEs in the traditional, unit, and commercial housing

communities from direct and indirect portions. Then, we
applied the econometric regression model to explore the
influential factors behind their disparity.

The results suggested that direct carbon emissions are
actually with the quantitative relation of the unit community
(723.79 kgCO2) > commercial housing community (580.01
kgCO2) > traditional community (526.44 kgCO2), while
indirect carbon emissions are with the quantitative relation
of the commercial housing community (707.70 kgCO2) > unit
community (669.38 kgCO2) > traditional community (554.85
kgCO2). The structure of carbon emissions in three kinds of
communities is distinctive dramatically, and diverse and
reliable factors were found. It was proven that the household
income is the universal driver that increases HCEs in all three
types of communities. Household population affects carbon
emissions positively in the unit communities and commercial
housing communities. Car ownership increases HCEs in
traditional communities and unit communities significantly.
A set of demographic, economic, and community attribute
factors is the unique driver of HCEs in one certain type of
community. The scientific research work-related population
and community environment satisfaction increase HCEs in
traditional communities. Housing areas increase, but the
community convenience reduces HCEs in unit communities
effectively. There are also some non-significant factors that
have mentionable impacts on HCEs, like the average education
level of households.
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Due to its fragile ecological environment and superior natural and location conditions,
coastal areas are receiving extensive attention all over the world. Scientific space control is
needed to ensure the harmonious development of the “human-land-ocean” system in this
region. The monitoring index system is a crucial grasp of the national territory use control; it
is also one of the main contents in the reform of China’s planning system in the new era.
Therefore, based on the strategic idea of land–sea overall management and the concept of
“life community of human, mountains, rivers, forests, farmlands, lakes, grasslands, and
ocean”, this study puts forward three connotations of the index system of coastal spatial
planning from the perspective of “function-structure-elements.” Then, adopting the
methods of “multiple planning integration” and expert consultation and using the
research idea of “setting control objectives, contents, and indicators,” an index system
suitable for coastal space control is constructed. The results show that the index system
puts forward 33 sub-indexes for coastal ecological space, living space, and production
space and provides a basis for the high-quality development of coastal space through the
restrictions and requirements on the total amount, bottom line, boundary, conversion, and
quality of various spatial elements. This study can provide a basis for formulation,
implementation, and later monitoring of coastal spatial planning and provide an index
reference for the management of coastal areas in other countries in the world.

Keywords: coastal zone space use control, monitoring index system, land–sea overall management, multiple
planning integration, China’s coastal areas

INTRODUCTION

The coastal zone, located at the junction of land and sea ecosystems, is rich in natural resources. It has
been the link of foreign exchange between countries for a long time because of its superior
geographical location, which is of great strategic significance (Bax et al., 2021; Yan et al., 2021;
Yu et al., 2021). In China, since the reform and opening up in 1978, coastal areas have attracted many
people and capital, leading to rapid development of the region as China’s valuable shoreline (Wang
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et al., 2018). In 2018, coastal areas accounted for 12.93% of the
national area, carrying 43.96% of the population and creating
53.47% of the GDP. However, like other countries around the
world, there are a series of problems affecting sustainable
development due to rapid urbanization and industrialization
in this region (Alam et al., 2021; Smith et al., 2021). The
problems of China’s coastal zone are mainly reflected in the
rough use of coastal zone production space resources and
unreasonable industrial structure (Chen and Qian, 2020; Nie
et al., 2021; Su and Liang, 2021), increased environmental
pollution and impaired ecological functions in coastal zone
eco-spaces (Lin and Yu, 2018; Zhao et al., 2021), and the lack
of living space infrastructure in the coastal zone, leading to a poor
level of living (Zhang et al., 2021).

The developed countries in the world have studied the coastal
zone since the 1950s and made provisions on shoreline
construction and coastal protection through coastal zone laws
and regulations. In 1972, the United States promulgated the
coastal zone management act, which was the world’s first
comprehensive coastal zone management regulation and
marked the beginning of modern integrated coastal zone
management (Humphrey et al., 2000). Since then, countries all
over the world have carried out comprehensive management of
coastal zones (Goodhead and Aygen, 2007; Batista et al., 2017;
Yuan and Chang, 2021). The Netherlands attaches great
importance to the functional connection of land and sea, so
they implemented unified management of this area (Vanalphen,
1995). In 1998, South Korea formulated and implemented the
National Coastal Management Plan, which covers the coastal
waters and offshore land. Through the coastal zone survey
conducted every 5 years, the problems realized in the
implementation of the plan can be found in time (Lee, 1998).
England introduced the East Inshore andOffshoreMarine Plans in
2014, which proposes 11 goals and sets monitoring indicators for
each goal. By calculating the completion rate of each index, the
implementation effect of the plan is reviewed every 3 years (Guo,
2020). Japan divided the coastal zone into coastal preservation
zone, general public coast, and other coastal zones and defined the
management subject of each zone. Although many departments
manage the coastal zone space, zoning can make the authority
between departments and the spatial scope clear. It can be seen that
the formulation and implementation of coastal zone spatial
planning has become the focus of coastal zone management all
over the world (Grafton et al., 2019). Reasonable land space use
control of the coastal zone can promote the harmonious
development of different functional spaces, which is an urgent
problem to be solved in China at this stage.

Before 2018, the functions of China’s coastal zone use control
were administered by different departments, which issued
multiple spatial control plans for different control objectives.
These plans provide basic contents and valuable experience for
the construction of coastal zone spatial planning. At the same
time, they also had problems such as overlapping control contents
and low management efficiency, which cannot control the coastal
zone accurately. Although Guangdong, Shandong Province, and
other regions have successively formulated coastal zone
protection plans in recent years, relevant work was carried out

before the establishment of the Ministry of Natural Resources.
Therefore, in terms of specific management actions and decisions,
they cannot play a supporting role in coastal zone spatial
planning. In 2013, the concept of “life community of
mountains, rivers, forests, farmlands, lakes, and grasslands”
was put forward in China, which emphasizes the natural law
within the life community and shows that all elements are
generally connected and interact with each other. In this case, it
is urgent for a department to be responsible for the control of all
space uses within the territory and carry out unified protection and
systematic management of mountains, rivers, forests, farmlands,
lakes, and grasslands. In 2018, China established the Ministry of
Natural Resources and the Department of Territorial Space Use
Control. Later, the government issued a document entitled “several
opinions on establishing a territory planning system and
supervising its implementation.” It is pointed out that in the
future, China will implement territorial use control on all land
space zoning and classify it based on territorial space planning.
This study marks the full development of the construction of
China’s territory planning system and shows that the use control in
the new era emphasizes the control of land and sea, all elements of
natural resources, and all types of land use.

In the context of the reform of the space control system, an
important task in coastal areas is to formulate coastal zone
planning. As the only special plan involving the sea, this spatial
planning needs to get rid of the ideal of land and sea respective
control and promote the realization of land and sea overall
planning. Therefore, we should not only consider the
relationship between land and sea and combine it with land
spatial planning but also meet the administrative requirements
of the marine coastal zone so as to balance and integrate the
information from multiple stakeholders of land and sea. Coastal
zone planning involves different aspects of the “human-land-
ocean” system, and the concept of “life community of
mountains, rivers, forests, farmlands, lakes, and grasslands” has
been most fully reflected in this region. The contents of control
include coastline management and control and ecological
restoration, fishery space supply and management, coastal zone
industrial parks and marine economy, marine disaster prevention,
special management and control of rivers entering the sea,
improvement of coastal human settlements, etc. It has great
strategic significance for coastal areas and national development.

Execution is the source of vitality of spatial planning. As an
important basis for spatial planning management and
implementation evaluation, the index system is the
quantitative embodiment of the core ideas and key tasks of
planning (Zhou et al., 2018; Gun et al., 2020) and is
considered to be the transmission tool with the best execution
effect (Li et al., 2019). If operational monitoring indicators cannot
be found, the spatial planning of land and sea is bound to stay at
the theoretical level. Therefore, under the background of
compiling the special plan of the coastal zone area, it is urgent
to build a set of scientific control index systems to provide
supervision and guarantee for the implementation of control
in this area.

Based on the elements of the life community contained in the
coastal zone and from the perspective of system theory, this study
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aims to design a set of index systems that can not only serve the
reasonable protection and utilization of single elements but also
reasonably control the structure and relationship between
elements. The government can monitor the spatial utilization
of the coastal zone effectively; understand the impact of land
space utilization on the society, economy, and ecology of the
region; and correct the unreasonable utilization direction timely,
improving the implementation effect of coastal zone spatial
planning. The research results can serve the use control of
China’s coastal zone; provide the basis for the formulation,
implementation, and later monitoring of coastal zone land
spatial planning; and provide index reference for the
management of coastal zone areas in other countries in the world.

THEORETICAL FRAMEWORKS

Theoretical Basis
The coastal zone space is a huge and complex life system. The
concept of “human-land-ocean” composite system and “life
community of mountains, rivers, forests, farmlands, lakes, and
grasslands” are fully reflected in this area. 1) In 2003, “land–ocean
interactions in the coastal zone” (LOICZ) were listed as the core

program of the International Geosphere Biosphere Program
(IGBP) and the national human dimension of global
environmental change (IHDP) (LOICZ working document,
2003). Studies have shown that the impact of human activities
on the global environment is more intense than natural changes
(Linton and Warner, 2003; Bullimore, 2014). Therefore, the
second stage of LOICZ takes human activities and their
impact on land–sea interaction as a new central theme. In
densely populated coastal areas, the classical L–O interaction
framework is replaced by the L–O–H interaction framework
(Figure 1) to reflect the great impact of human activities on
land and sea systems. Among them, the L–O–H interaction
includes the H–L interaction reflecting the relationship
between man and earth, H–O interaction reflecting the
relationship between man and sea, and L–O interaction
reflecting the relationship between land and sea (Xu et al.,
2016). These three relationships converge in coastal areas to
build a complex system. 2) Similarly, China has also proposed
the concept of “life community of mountains, rivers, forests,
farmlands, lakes, and grasslands” in 2013. This concept fully
absorbs the ideas of sustainable development theory and
ecosystem management theory, discusses the natural law in
the community of life, provides an important theoretical basis

FIGURE 1 | Theoretical basis of the index system construction.
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for the overall cognition of nature and the treatment of the
relationship between man and ecological environment, and has
become an important methodology for promoting the
construction of ecological civilization in China at present and
in the future. Combined with the characteristics of coastal areas,
this study extends the concept to “human, mountains, rivers,
forests, farmlands, lakes, grasslands, and ocean life community”
and uses this idea to guide the construction process of the index
system.

Based on the aforementioned ideas, the coastal zone space is a
huge and complex life system, so it conforms to the theoretical
logic of “function-structure-element”. Among them, elements
such as human, sea, and land (including mountains, rivers,
forests, farmlands, lakes, and grasslands) are not only the basic
constituent unit of the system but also the basis and carrier of the
system. There are certain connections between the elements. The
interrelated elements form the system according to a certain
structure. The change of elements and structure will cause the
change of system function, indicating that both elements and
structure serve functional purpose. Conversely, at the beginning
of the formation of the structure, it is necessary to clarify the
functional objectives of the system so as to adopt the
corresponding structure and control the elements. Therefore,
based on these ideas, this study starts to construct the index
system.

Connotation of the Index System
To build the index system, we first need to clarify the object of
coastal zone use control, that is, the territorial space of the coastal
zone so that the index system can be clearly implemented. A
territorial space is a cross complex integrating entity space,
function space, and management space (Yue and Wang, 2019).
According to the theoretical viewpoint of “function-structure-
element” in system theory, it can be seen that function space is the
fundamental object of territorial space use control, and the
structure comprising system elements is the basis of system
function realization.

From the perspective of function, space utilization can be
divided into three categories: production space, living space, and
ecological space. Among them, production space is an area that
provides industrial products, agricultural products, and service
products, which pursues intensive land use and efficient output.
Living space is an area that provides human living, consumption,
leisure, and entertainment and pursues the convenience of service
and livability. Ecological space is an area that provides ecological
products and services. It plays an important role in regulating,
maintaining, and ensuring regional ecological security and
pursues the good development of ecological environment. The
policy points out that by 2035, China should “basically form a
space pattern with intensive and efficient production space,
livable and appropriate living space, and beautiful ecological
space”, which is the strategic goal of the Chinese government
in the territorial space use control at the present stage and also the
ultimate goal of the index system of this study. The policy
objectives determine the key direction of the monitoring
system. Therefore, this study divides the index system into
three subsystems: ecological space, living space, and

production space, also known as “ecological–production–living
space” (Cui et al., 2018).

From the perspective of elements, territory use is reflected in
more specific land/sea use types that constitute the
ecological–production–living space, that is, the space
utilization types of mountains, rivers, forests, farmlands, lakes,
grasslands, seas, and cities in the concept of life community.
Separately, the ecological space comprises forest land, grassland,
wetland, and other ecological elements; production space consists
of various spatial elements used in agriculture, fishery, industry,
service industry, and other industries; living space comprises
spatial elements closely related to human life. These specific land/
sea use categories occupy a certain area in space and are
staggered, showing a specific spatial structure, and there will
be conversion among the elements. Generally, the ecological
element types are often occupied by the element types of the
other two spaces because the benefits cannot be directly
expressed. Cultivated land in the production space is also an
element type that is easy to be occupied. These phenomena will
lead to the transformation of the internal structure of
ecological–production–living space and affect the harmony of
its functions, so the specific spatial elements that are in a weak
position are often strictly protected. Therefore, this study infers
from the theory of “element structure function”, and it holds that
in order to achieve the functional goal of “production, ecology,
and living space”, we need to refine from two major elements:
element and structure.

MATERIALS AND METHODS

Research Area
The coastal zone is a strip area with a certain width extending
from the coastline to both sides of the land and sea, and the scope
of it has not been uniformly defined so far. The Millennium
Ecosystem Assessment Project points out that the coastal zone is
“the interface between the ocean and the land, extends to the
middle of the continental shelf, and includes all areas affected by
marine factors in the continental direction (Millennium
Ecosystem Assessment, 2005). LOICZ defines the coastal zone
as extending from 200 m land elevation to 200 m isobath (LOICZ
working document, 2003). Alves et al. (2013) hold the view that
the coastal zone takes the high tide line as the center, extends
2 km to the land area, and then extends to the sea area to the
territorial sea boundary (the territorial sea baseline extends 12
nautical miles to the sea). However, Awosika and Marone (2000)
and Glavovic et al. (2015) considered that the extension of the
coastal zone to the sea side should reach the boundary line of the
exclusive economic zone (the baseline of the territorial sea
extends 200 nautical miles to the sea). At present, the view
from the Environmental Council of the Organization for
International Economic Cooperation and Development
(OECD) is widely accepted internationally. It proposes that
the definition and scope of the coastal zone need to be
changed according to the problems dealt with and the
objectives of management. In China, the national conditions
with prominent contradiction between human and territorial
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FIGURE 2 | China’s existing spatial planning index system.
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space determine that the scope of coastal zone use control cannot
be too broad but needs fine management. Considering China’s
administrative system and population density, it is practical to
take the township scale as the basic unit for the control of the
coastal zone. Townships are widely distributed in the coastal
zone, which is not only conducive to scientific research of the
researchers but also convenient for managers to make overall
arrangements and take action (Wen and Liu, 2019). For example,
the Regulations on the Administration of Coastal Zone
Protection and Utilization implemented in 2018 in Fujian
Province states that the coastal zone refers to the intersection
zone between the sea and the land, including the coastal land
extending to the areas within the administrative divisions of the
township and the nearshore sea extending to the baseline of the
territorial sea. For the convenience of management, the coastal
zone in this study also follows this scope.

Research Data
In the process of territorial space use control in China, many
departments have issued spatial plans for different control
objectives. These plans are important means of national space
governance and space policy tools for effectively regulating social,
economic, and environmental factors. At present, China’s spatial
planning system is a complex “planning matrix” comprising
multi-type and multilevel spatial planning, mainly including
major function-oriented zoning planning (including ocean)
issued by the Development and Reform Commission;
territorial planning and land use master planning issued by
the Ministry of Land and Resources; urban planning issued by
the Ministry of Housing and Urban–Rural Department; marine
functional zoning and marine ecological environment protection
planning issued by State Oceanic Administration; ecological
environment protection planning issued by the Ministry of
Environmental Protection; grassland protection, construction,
and utilization planning and fishery planning issued by the
Ministry of Agriculture; forest land protection and utilization
planning and wetland protection planning issued by the State
Forestry Administration; and special plans such as port planning
issued by the Ministry of Transport. On the basis of these plans, a
network space planning system of “horizontal juxtaposition and
vertical to the end” has been formed (Liu andWang, 2016). These
plans have played a vital role in each stage of national land use
control in China, and their index system provides a reference for
the construction of the coastal spatial planning index system.
Figure 2 shows the planning orientation, control objectives, and
core indicators of China’s spatial planning. These are also the
realistic basis and data source for “multiple planning integration”
to build the coastal zone spatial planning index system.

Due to the differences of regulation subjects, value orientation,
and regulation objectives, there are two principal problems in
China’s existing spatial planning index system (Figure 2). First,
there are overlapping control contents among different plans. For
example, for the control of arable land, the indicator of “the
Amount of Cultivated Land Reserved” is set in the major
function-oriented zoning planning, territorial planning, land
use master planning, and urban planning; for the control of
forest land, the indicator of “forest coverage” is set in the major

function-oriented zoning planning, territorial planning, and
ecological environment protection planning; for grassland
control, territorial planning and ecological environment
protection planning have set the indicator of “grassland
comprehensive vegetation coverage” and so on. Second, there
are different values of the same index. For example, for the index
of “the amount of national arable land reserved”, the land use
master plan (2006–2020) stipulates that it will reach 120.33
million hectares by 2020, while the national land planning
outline (2016–2030) requires this value to be 124.33 million
hectares. This situation can not only show the importance of
the index, but it also leads to management contradictions and
reduces control efficiency. Meanwhile, there are control gaps in
these planning index systems. For example, these spatial planning
index systems rarely involve controlling coastal living space and
tourism land. For the spatial control gap, we should deeply
understand its control connotation and determine the
corresponding control indicators.

Research Methods
Based on the theoretical basis and connotation of coastal zone
territorial spatial control, this study constructs the coastal zone
spatial planning index system according to the path of “setting
control objectives, setting control contents, and then setting
control indicators” (Figure 3).

First, this study needs to determine the goal of the coastal zone
monitoring index system, that is, to serve the high-quality
development of the coastal zone. Second, starting from the
territorial space function undertaken by
ecological–production–living space, this study explores the
classification system and its elements of
ecological–production–living spaces in the coastal zone, and it
constitutes the control content of the index system together with
the structure of ecological–production–living spaces.

Among them, in order to realize the function of ecological-
production-living spaces, the main control of elements is their
total amount, bottom line, and quality; for the structure, it is to
control the boundaries of different elements and the conversion
between them. 1) Boundary is the spatial relationship between
territorial space elements. It is divided according to different
purposes to ensure that development, utilization, and protection
activities can only be carried out in a specific space. 2) Conversion
represents the dynamic conversion process between different
territorial space types. Abandoning the previous concept of
focusing only on the conversion of agricultural land use, we
need to pay attention to the mutual conversion within the
“mountains, rivers, forests, farmlands, lakes, grasslands, and
sea” life community at this stage. 3) The total quantity is the
control of the quantity state of specific elements and the expected
target value. 4) The bottom line is the minimum standard and
minimum defense line that must be maintained for land types
with an important protection value. Breaking this standard will
affect the country’s food security or ecological security and cause
irreparable losses. 5) Quality is a kind of index that reflects the
environmental quality, the quality of people’s life, and
socioeconomics in the coastal space. The purpose is to
evaluate the impact caused by the implementation of the index.
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Finally, combined with the existing “multiplanning” index
system in China, this study supplements the content of the
control gap, determines the core indicators applicable to
ecological–production–living spaces, and then constructs the
coastal zone spatial control index system to serve the high-
quality development of the coastal zone space.

Multiple Planning Integration
Due to the overlapping and other contradictions in the index
system of multiple departments, the National Development and
Reform Commission, the Ministry of Land and Resources, the
Ministry of Environmental Protection, and the Ministry of
Housing and Urban–Rural Development of China jointly
proposed to carry out the pilot work of “multiregulation
integration” throughout the country in 2014. Since then, under
the leadership of the government, all sectors of society have begun
to explore “multi-compliance and integration”, with the purpose
of absorbing the core points of various plans, coordinating the
conflicts between plans, and building a unified land and space
planning to allocate space resources more effectively.

As the coastal zone involves land–sea space, the life
community of “landscape, forest, field, lake, grass, and sea” is
fully reflected here. Generally, this area is regarded as the “main
battlefield” to realize the land–sea overall management and
“multiregulation integration”. At present, Chinese scholars
have practiced the construction of a terrestrial multi-
compliance index system (Bai and Tian, 2016; Wu et al.,
2018); some scholars also explore the integration of marine
spatial planning into a land-based multiplanning system (An
et al., 2019; Yue et al., 2019), and they also developed and
constructed the overall framework of comprehensive coastal
zone planning (Jiang et al., 2018). However, the research on
monitoring indicators of coastal space use control is still blank.
Therefore, based on the existing spatial planning index system,
this study constructs the spatial monitoring index system of land
and sea overall management (Figure 4).

Expert Consultation
After analyzing the “multiple planning” index system, this study
first screened the key indexes according to the index selection
principle and obtained the preliminary scheme of the “multiple

planning” index database, including 55 basic indexes. In order
to further screen the key indicators that play a practical role in
coastal zone space control, this study further carries out expert
consultation. In total, 12 experts from institutions of
universities, local natural resource departments, enterprises
in coastal areas, and other units were invited to determine
the priority of monitoring indicators by understanding the
stakeholders’ cognition of coastal zone use control, and it
supplements the key contents in urgent need of supervision
in the actual development of coastal zone areas through
consultation.

RESEARCH RESULTS

Classification of
“Production–Living–Ecological Spaces” in
the Coastal Zone
Considering the overall structure and constituent elements of
production–living–ecological spaces, the control content can
cover all elements of the coastal zone. Chinese scholars have
made many useful explorations on the classification of it (Huang
et al., 2017; Liu et al., 2017; Cui et al., 2018; Huang et al., 2020).
Referring to the research of Hu et al. (2020) and Zou et al. (2018),
this study comprehensively classifies
production–living–ecological spaces in the coastal zone
involving 16 key-controlled land types (Table 1).

Among them, the coastal production space is related to the
industrial structure. It is an area with the leading function of
providing industrial products, agricultural products, and service
products, mainly including agricultural land, land for forestry,
land for animal husbandry, sea for fishery production, industrial
and mining land, and land for transportation. The coastal living
space is related to carrying and ensuring human settlement. It is
an area with the leading function of providing human residence,
consumption, leisure, and entertainment, and it mainly includes
land for urban construction, land for tourism and entertainment,
and land for special purpose. The coastal ecological space is an
area providing ecological products and ecological services, mainly
including ecological land of prohibited construction, ecological

FIGURE 3 | Construction idea of the coastal zone spatial control index system.
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land allowed for moderate construction, and ecological land of
nurturing protective.

Establishment of the Index Database
The indicators of the existing spatial planning are connected with
the core management land-sea types of production-living-

ecological spaces, and a coastal zone control index database is
built, as shown in Figure 5.

It can be found that the control content of the existing spatial
planning index system can cover all land–sea types of national
land space. The index system of the Development and Reform
Commission, the Ministry of Land and Resources, the Ministry of

FIGURE 4 | Schematic diagram of the “multiple planning integration” method.
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Housing and Urban-Rural Department, and the State Oceanic
Administration can fully cover production–living–ecological
spaces which are the four main departments of national land
spatial use control in China’s coastal zone.

Results of the Coastal Zone Monitoring
Index System
The indexes with high frequency and key control effects in the
index library were preliminarily screened and then 20 key spatial
types of indexes were determined through expert consultation. In
addition, 13 key indicators are supplemented according to expert
opinions. The coastal zone monitoring index system includes 33
monitoring indicators, as shown in Table 2.

1) Index system of production space in the coastal zone:
ensures the total quantity of resources and the efficiency of
production land.

In order to maintain China’s food security and ensure a
controllable scale and quality of cultivated land, “the amount
of arable land reserved” and “protected area of basic farmland”
are proposed. In order to ensure the sustainable development of
forestry, animal husbandry, fishery, and mining, indicators such
as “forest coverage,” “forest productivity,” “grassland
comprehensive vegetation coverage,” “area of sea functional
area for mariculture,” and “per capita area of urban industrial
and mining land” are set respectively. For the traffic land, two

indicators of “the density of highway and railway network” and
“the length of port shoreline” are set to ensure the regional traffic
convenience of the coastal zone and promote the development of
the industrial economy.

2) Index system of living space in the coastal zone: ensuring
human security and people’s happiness.

For land for urban construction, the area and structure of
urban and village space should be reasonably arranged, and
the occupation of cultivated land and ecological land by new
construction should be strictly limited; we set the indicators of
“scale of urban and rural construction land,” “scale of arable
land occupied by new construction,” and “scale of reclamation
for construction land.” Tourism and entertainment space
focuses on enhancing tourist experience and maintaining
the scenic spot environment. This study combines scholars’
research on tourism (Liang and Ding, 2002; Zhang and Tan,
2002; Papageorgiou, 2016; Yang et al., 2021), constructed
“length of hydrophilic shoreline,” and “construction rate of
tourism service facilities” to improve the convenience and
quality of coastal tourism activities. Special living land mainly
refers to the control of infrastructure land (including waste
disposal and another related land). Its control connotation is
to ensure residential safety and environmental friendliness of
the coastal zone. This study inherits the index of “per capita
refuge area of emergency shelter” and supplements the three
indexes of “construction level of flood discharge and drainage

TABLE 1 | Classification of “production-living-ecological spaces” in the coastal zone and its controlled land types.

Space types Spatial classification and interpretation Land-sea use type

Coastal production
space

Agricultural land It refers to the land used for the cultivation of agricultural products such as
grain, fruit, tea, and rubber and its supporting or ancillary land

Arable land

Land for forestry It refers to timber forest, economic forest, bamboo forest land, slash land,
and nursery that can be used for wood forest supply

Forest land

Land for animal husbandry It refers to the land used for livestock, animal husbandry, and other
breeding

Grassland

Sea for fishery production It refers to the water area used for fishery production or service fishery
production

Sea for fishery

Industrial and mining land It refers to the land for the supply of industrial products and commercial
services and the production land for mining, quarrying, sand quarries, salt
fields, brick kilns, and tailing stacking outside cities and towns

Industrial and mining land

Land for transportation It refers to the land used for transportation lines and stations outside
towns and villages

Traffic land

Coastal living space Land for urban construction It refers to urban land, rural residential areas, commercial service
construction, and other land

Urban and rural construction land
Land for urban construction
Land for tourism and
entertainment

It refers to the land used to meet the daily leisure and entertainment needs
of residents

Tourism land

Land for special-purpose It refers to the land outside cities and towns for military facilities,
infrastructure, waste disposal space, etc.

Land for infrastructure

Coastal ecological
space

Ecological land of prohibited
construction

It refers to the land that is indispensable for maintaining ecological security
and prohibits any commercial development activities

Ecological land for water and soil
resources protection
Ecological land for species diversity
protection

Ecological land allowed for
moderate construction

It refers to the land that mainly plays ecological functions and allows
human beings to make appropriate or conditional use of it

Controlled land of coastal wetland
Controlled land of natural shoreline
Controlled land of sand source
Controlled land of estuarine

Ecological land of nurturing
protective

It not only refers to the land with degraded ecological function but plays an
important role in maintaining regional ecological balance

Land of ecological restoration

Frontiers in Environmental Science | www.frontiersin.org May 2022 | Volume 10 | Article 8764149

Guo et al. Monitoring Index of Coastal Area

140

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


facilities,” “treatment rate of domestic sewage,” and “armless
treatment rate of domestic waste,” in order to maintain the
residential safety of the coastal zone and strictly control the
treatment of urban waste.

3) Index system of ecological spatial in the coastal zone:
maintaining coastal zone ecological security.

Prohibited ecological land refers to the land that is
indispensable to maintaining ecological security and
prohibited from any commercial development activities.
This study inherits the indicators of “newly increased water
and soil loss control area,” “proportion of excellent water
quality (class I and II) in coastal waters,” and “protection rate
of key wildlife species” in the index database, focusing on the
strict protection of species resources in water and soil
ecologically fragile areas and coastal zones. Controlled
ecological land refers to the land that mainly plays
ecological functions and allows humans to make
appropriate or conditional use. This study inherits the
index of “wetland retention area” in the index library. At
the same time, due to the importance of mangroves for
maintaining the coastal wetland ecosystem, the index of
“mangrove area” is supplemented. In addition, this study
adopts three indexes in the index library, such as “natural
shoreline retention rate,” “newly increased desertification
land control area,” and “elimination of inferior class V

water bodies in rivers entering the sea,” in order to control
the spatial types of natural shoreline, sand source, and
estuary. Ecological conservation land refers to the land
with degraded natural ecological functions but plays a key
role in maintaining regional ecological balance. For the
ecological restoration of the coastal zone, the existing
spatial planning often uses the index of “length of
remediation and restoration of the coastal zone”. Since the
coastal zone area involves a range of space from the coastline
to the sea and land, this index is adjusted to “remediation of
the coastal zone area” to monitor the ecological restoration of
land. By improving the stability and resilience of ecological
patches, the purpose of unspoiled and beautiful in ecological
space can be achieved.

The report’s “several opinions on establishing and supervising
the implementation of the national land spatial planning system”
clearly points out that it is necessary to “scientifically and orderly
coordinate the layout of ecological, agricultural, urban, and other
functional spaces; delimit the spatial control boundaries such as
ecological protection red line, permanent basic farmland, and
urban development boundary; and various sea area protection
lines, in order to strengthen the bottom-line constraints”.
Therefore, based on the index base with factor control as the
core, this study supplements the indicators related to the regional
control boundary of production–living–ecological spaces, and the

FIGURE 5 | The index system of spatial planning is connected with production-living-ecological spaces. Notes for Figure 5: (1) we use different colors to represent
the government departments of spatial planning in the column of “multiple spatial planning”; (2) three colors are used to distinguish the “production, ecology, and living
space” and its elements on the right side; (3) the lines indicates the flow direction of the existing spatial planning index system.
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intensity of land–sea development and implements the land space
use control transmission mechanism of “ zoning + index”.
Finally, we suggest that the management department controls
the coastal territorial space according to the attribute of
indicators. That is, government departments should strictly

restrict the indicators of bottom line, boundary, and
conversion and further improve the indicators of total amount
and quality on the basis of reaching the expected objectives so as
to make the control of the indicators more efficient and achieve
the goal of high-quality development of coastal territorial space.

TABLE 2 | Construction results of the coastal zone spatial planning monitoring index system.

Control objectives Control elements Order
number

Monitoring
indicators

Indicator
attribute

Indicator
source

The production space:
intensively and efficiently

— 1 Development intensity of production space (%) Total quantity Add
2 Area of permanent basic farmland boundary (km2) Boundary Add

Arable land 3 The amount of arable land reserved (million ha) Bottom line Index
database

4 Protected area of basic farmland (million ha) Bottom line Index
database

Forest land 5 Forest coverage (%) Bottom line Index
database

6 Forest productivity (m3/ha) Total quantity Index
database

Grassland 7 Grassland comprehensive vegetation
coverage (%)

Total quantity Index
database

Sea for fishery 8 Area of sea functional area for mariculture
(million ha)

Bottom line Index
database

Industrial and mining land 9 Per capita area of urban industrial and mining land
(million ha)

Quality Index
database

Traffic land 10 The density of highway and railway network (%) Quality Index
database

11 The length of port shoreline (km) Total quantity Index
database

The living space: livable and
proper in size

— 12 Development intensity of living space (%) Quality Add
13 Area of urban development boundary (km2) Boundary Add

Urban and rural construction land 14 Scale of urban and rural construction land
(million ha)

Total quantity Index
database

15 The scale of arable land occupied by new
construction (million ha)

Conversion Index
database

16 Scale of reclamation for construction land
(million ha)

Conversion Index
database

Tourism land 17 Length of hydrophilic shoreline (km) Quality Add
18 Construction rate of tourism service facilities (%) Quality Add

Land for infrastructure 19 Treatment rate of domestic sewage (%) Quality Add
20 Harmless treatment rate of domestic waste (%) Quality Add
21 Construction level of flood discharge and drainage

facilities
Quality Add

22 Per capita refuge area of emergency shelter (km2) Quality Index
database

The ecological space:
unspoiled and beautiful

— 23 Development intensity of ecological space (%) Bottom line Add
24 Ecological protection red line area (km2) Boundary Add

Ecological land for water and soil
resource protection

25 Newly increased water and soil loss control
area (km2)

Quality Index
database

26 Proportion of excellent water quality (class I and II)
in coastal waters (%)

Quality Index
database

Ecological land for species
diversity protection

27 Protection rate of key wildlife species (%) Quality Index
database

Controlled land of coastal wetland 28 Wetland retention area (million ha) Bottom line Index
database

29 Mangrove area (million ha) Bottom line Add
Controlled land of natural
shoreline

30 Natural shoreline retention rate (%) Bottom line Index
database

Controlled land of sand source 31 Newly increased desertification land control area
(million ha)

Quality Index
database

Controlled land of estuarine 32 Elimination of inferior class V water bodies in rivers
entering the sea (accomplished)

Quality Index
database

Land of ecological restoration 33 Remediation of coastal zone area (million ha) Quality Add
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DISCUSSION AND CONCLUSION

At present, Chinese governments are actively promoting the
preparation and implementation of national land spatial
planning. It is a major deployment made by the Chinese
central government to establish a land spatial planning system
and supervise its implementation, integrate spatial planning such
as main functional area planning, land use planning, and urban
and rural planning into a unified land spatial planning, and
realize “multi-compliance and integration”. It is a major
deployment made by the Chinese central government to
achieve “multi-regulation integration” and establish a national
land spatial planning system and supervise its implementation.

From the perspective of systems theory, this study puts
forward an idea of constructing the monitoring index system
of coastal use control. By connecting with the research hotspot of
“production–living–ecological spaces,” the index system can be
implemented. Specifically, taking the monitoring index system of
coastal zone spatial planning as the research object, this study
explores the new requirements for territorial spatial planning
from the perspective of land–sea planning. From the perspectives
of “zoning + indicators,” using the method of “multi-regulation
integration,” this study puts forward the overall construction idea
of controlling” objectives-contents-monitoring indicators,”
constructs a systematic and hierarchical coastal zone spatial
planning index system, which can make intensive and efficient
production space, livable living space, and beautiful ecological
space in coastal areas. First, it divides the production-living-
ecological spaces in the coastal zone and determines the key
spatial type of control, that is, the main contents of the control. By
sorting out the existing spatial planning index system, the key
controlled land types correspond to the existing index basis one
by one, the duplicate indexes are deleted, and the blank indexes
are supplemented to construct the coastal zone spatial planning
index system. This study finds that some spatial elements play a
prominent role in China’s territory use control, such as arable
land, forest land, urban construction land, ecological land, and
marine aquaculture functional area. This situation shows that
under the previous separation of land and sea, the focus of
China’s coastal zone space control is to protect inland food
production land and ecological land. Moreover, due to the
different natural nature of land and sea, the control of land
area is more refined, and the control of sea area and living space
quality is relatively lacking. At present, the main contradiction in
the Chinese society has become the contradiction between the
people’s growing need for a better life and unbalanced and
insufficient development. Therefore, on the premise of paying
attention to food security and ecological security in coastal areas,
the construction of living land for people’s high-quality needs to
be enhanced in the future. This study can provide theoretical
reference for the coastal zone spatial planning and enrich the
coastal zone use control system. In the future management
process, policy executors should manage coastal zone areas
according to local conditions and add characteristic indicators

or delete invalid indicators for specific areas, which will have a
better effect.

This study only provides an idea of constructing the index
system. However, the classification of
production–living–ecological spaces is still in the exploratory
stage at present, which means that the relationship between
“function” and “element” is still unclear in the construction
idea of the index system. In reality, a spatial use element may
correspond to more than one function. For example, cultivated
land mainly not only plays the function of food production, but it
also plays ecological function. In the future, the classification and
index determination of ecological–production–living spaces still
need to be further explored in order to enhance the practicability
of the research. In addition, the indicators applicable to territorial
space under different scales are different. In the future, the
indicator system of different administrative levels should be
determined from the coastal zone of national, provincial, city,
county, and township. The construction of an index system is a
complex systematic project. It is necessary to clarify the
responsibilities and positioning in land and space planning as
soon as possible, jointly promote the research on land and space
planning indicators in coastal zone, provide strong support for
land and space monitoring and early warning mechanism in
coastal zone, and comprehensively build a safe, efficient,
harmonious, competitive, and sustainable coastal zone space.
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Water scarcity is a core issue that constraints the high-quality development of arid
areas in northwestern China. Zhangye is an oasis city located in the Heihe River
Basin in northwestern China. It is populated with an agriculture-dominated economy
and faces more and more serious water crises. Virtual water is an indicator that can
measure the embodied water in the traded products, which has been widely applied for
making rational policies for water resources management. In addition, clarifying water
requirements in agricultural sectors under future climate change scenarios is essential to
develop more appropriate adaptation strategies. From this perspective, this study aims
to evaluate and compare virtual water flows among various sectors in Zhangye for the
years 2012 and 2017 with a single regional input-output model and to further clarify
the future water requirement tendency in agriculture during 2020–2050 under different
shared socioeconomic pathways and representative concentration pathways (SSP-
RCP) scenarios. The results showed that the planting sector directly contributed most
of the total water consumption with the highest direct coefficient of 3307.5 m3/yuan in
2012, whereas the manufacture of food products and tobacco processing sector had
the largest proportion of indirect water consumption (99%) mainly from intermediate
inputs of agricultural products. Water consumption intensity of all sectors on average
decreased by 22% during 2012–2017, indicating an increasing water utilization
efficiency in economic industries. Household consumption also can improve water
utilization efficiency as the major pathway for final consumption (86.4% in 2017). Water
scarcity in Zhangye was becoming increasingly prominent since virtual water net exports
were higher than local consumption, especially in the agriculture, manufacturing, and
energy supply industries. Moreover, under climate change scenarios, we found the
highest level of water requirement per unit area occurred in 2000, but it still had an
incremental potential by 2050, especially in SSP585. The high requirement intensity and
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large-scale maize planting caused a rising tendency of total crop water requirement
with an annual increasing rate of 8.4% from 1980 to 2050. This makes it possible to
adapt to climate change through scientific management measures and technical means.
We further made policy implications for adaptive management of water resources in
Zhangye.

Keywords: virtual water, input-output analysis, crop water requirement, CMIP6, scenario analysis, Zhangye

INTRODUCTION

Water scarcity is a severe challenge to sustainable development
worldwide. Water supply is becoming increasingly limited,
especially in developing countries, due to the uncertainty of
global climate change, the continuous rise in population and food
demand, and a shift in consumption patterns toward more water-
intensive products (Qasemipour and Abbasi, 2019; Arunrat et al.,
2022). In northwestern China, which is mostly dominated by
arid areas, water scarcity has been seriously exacerbated by
the imbalance of water availability and water demand during
rapid industrialization and urbanization (Zhang and Anadon,
2014; Zheng et al., 2020). High-quality development in arid
areas largely depends on the water availability of inland rivers
and effective management measures (Deng and Zhao, 2015; Jin
et al., 2018; Wang and Wei, 2019; Wang H. et al., 2022). Arid
areas are particularly sensitive to climate change, which causes
ecological deterioration, frequent drought events, and water yield
changes (Gain and Wada, 2014; Wu et al., 2017). Illustrating the
dual impacts of climate change and socioeconomic development
on water supply demand patterns is important for realizing
adaptive management of water resources. Virtual water theory is
widely applied in the research of water resources management by
revealing the occupancy of production and domestic water in the
socioeconomic system (Shi and Zhan, 2015; Zhang et al., 2019).
However, characterizing the current water consumption and its
future tendency under global climate change from the perspective
of virtual water remains a major challenge. It plays a significant
role in promoting sustainable water resources management and
regional high-quality development.

The conception of virtual water was first proposed by Allan
(1998), which refers to the amount of water resources during the
production of products and services. Virtual water is different
from physical water and exists “invisibly.” In the early twentieth
century, virtual water was applied to conduct a virtual water
strategy in northwest arid areas of China. Water resources are
the material basis for survival. Physical water is distributed
unevenly and is difficult to transport. Therefore, transferring
water resources within industrial sectors and trade among regions
in the form of virtual water are the fundamental patterns of
the water cycle in socioeconomic systems (Liu et al., 2020).
Research applying virtual water theory has gradually extended
from food circulation and food security strategy in international
trade to sectoral connection and regional trade (Dong et al., 2014;
Zhang et al., 2017; Zhang et al., 2019). Virtual water theory has
provided a promising solution to alleviate the uneven distribution
of water resources by sectoral transfer and regional trade of
water resources.

Quantifying virtual water mainly includes two methods,
namely, (1) classifying products and (2) then calculating the
consumption of virtual water based on the production tree
(Chapagain et al., 2006). As it is difficult to quantify water
consumption of industrial products in a complex process and
its intermediate consumption and final consumption cannot
be distinguished (Zhang et al., 2019), this method is merely
applied to virtual water measurement of primary agricultural
products (such as crops and livestock) at the micro level. Another
method is an input-output (IO) analysis. An IO table can describe
both the input and output relationship of industrial sectors
and the distribution of final products in detail. An IO table
with water accounts embedded helps to clarify virtual water
flows among various sectors, products, and services from the
entire national economic system (Qasemipour et al., 2020; Xu
and Li, 2020). For example, Zhao et al. (2010) analyzed the
virtual water trade in Heihe River Basin (HRB) based on the
IO analysis. Feng et al. (2014) specifically clarified the water
footprint of major industries in the upper, middle, and lower
reaches of the Yellow River Basin with a multiregional input-
output model (MRIO). Du et al. (2021) combined the MRIO
model and complex network theory to identify the structure
of provincial virtual water trade. Generally, the IO analysis
is applied to the research on industrial transformation and
resources allocation at the macroeconomic level. However, it
cannot describe production details due to data limits. Recently,
an integrated method has been popularized by adding satellite
accounts with detailed sectoral information to the IO model
(Wu et al., 2017; Zhang et al., 2017), which is significant
for improving the data availability and promoting research
at a finer scale.

Previous studies have extended virtual water theory based on
calculating virtual water and analyzing trade flows. Some studies
focused on the evolution trends of water utilization and the
patterns of regional virtual water trade (Dong et al., 2014; Zhang
et al., 2016). Some studies also investigated driving factors of
virtual water flows and their resource and environment effects,
then analyzed tradeoffs of development in the socioeconomic
system and environmental system by connecting with land
use and carbon footprint (Zheng et al., 2019; Wang et al.,
2021). Furthermore, sustainable management schemes of water
resources were discussed in the field of water scarcity, utilization
efficiency, and regional industrial advantages (Li et al., 2019;
Wang and Wei, 2019; Islam et al., 2021). Previous studies have
found that there is a significant correlation between virtual water
trade and regional water scarcity. Virtual water flows increasingly
from water-scarce developing regions to water-rich developed
regions (Deng et al., 2021; Zhai et al., 2021). This phenomenon is
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detrimental to the decoupling development of economic growth
and resource utilization. Sandström et al. (2018) considered
that reducing virtual water imports by replacing imported
crops with local crop production contributes to balancing water
resources in water-scarce countries and constructing global
sustainable food systems. However, few studies have investigated
water scarcity based on the comprehensive perspective of
sectoral water allocation and virtual water trade to clarify
management strategies of water-intensive industries in water-
scarce regions.

In addition, clarifying how climate change will affect crop
water requirements during agricultural production is important
to help alleviate water scarcity. Crop water requirement was
mostly analyzed and used for estimation of water footprint and
virtual water content through the CROPWAT model (Deng et al.,
2020; Qasemipour et al., 2020; Long et al., 2021). Nevertheless,
with the continuous warming of the global climate, increasing
variability in climatic factors, such as changes in temperature
and precipitation, will significantly affect water consumption
in the food production system and bring more challenges to
water management (Bocchiola et al., 2013; Arunrat et al., 2020).
Especially, understanding crop water requirement changes under
future climate change at the local scale is essential to adaptive
water management strategies in the region where agricultural
production depends on both rainfall (green water) and irrigation
water (blue water) (Rosenzweig et al., 2014; Arunrat et al.,
2022). Currently, a number of studies have been conducted
to analyze water footprints and virtual water content of crops
under the combined shared socioeconomic pathways (SSPs)
and representative concentration pathways (RCPs) scenarios
(Wada and Bierkens, 2014; Arunrat et al., 2022; Li et al.,
2022). However, regarding the variations in water requirement
of crop production in climate change scenarios, the results
differ or contradict each other (Zhuo et al., 2016). Therefore,
evaluating crop water requirements under local climate change
conditions is becoming necessary. Zhangye City in the HRB is
a typical water-scarce region in northwestern China. Scholars
have fully been discussing the supply and demand of water
resources and their utilization strategies in the HRB (Wu et al.,
2017; Zhang et al., 2017; Wang and Wei, 2019). However, it
is still blank to identify water consumption and its response
mechanism under the complex systematic changes caused by
future climate. This is vitally beneficial for predicting future
water utilization and flexibly adjusting management schemes of
water resources.

Taking adaptive management of water resources to alleviate
water supply demand pressure is essential in water-scarce regions.
In this study, Zhangye City in the HRB was selected as a case
area. The objectives were to analyze water consumption and
virtual water flows among regional trade and sectoral transfer in
Zhangye using an IO model and further specifically clarify crop
water requirement in agricultural sectors using the CROPWAT
model and its changing tendency in the future under the
SSP-RCP scenarios. Finally, we proposed policy implications
for adaptive management of water resources in Zhangye City
from the perspectives of industrial transformation, efficiency
improvement, and virtual water trade.

MATERIALS AND METHODS

Study Area
The HRB is the second largest inland river basin in China
(Figure 1A). The water supply of the HRB mainly comes from
atmospheric precipitation and meltwater in Qilian Mountain.
Zhangye City is located in the northeast of Gansu Province. It
is a typical large city located in the upper and middle reaches
of the HRB (Figure 1B). It covers an area of 42,000 km2,
between latitude 37◦28’N to 39◦57’N and longitude 97◦20’E
to 102◦12’E. Zhangye administratively covers Ganzhou, Linze,
Minle, Shandan, Gaotai, and Su’nan counties (Figure 1C).
The topography of Zhangye slopes from the northeast to the
southwest, with the elevation ranging from 1,144 to 5,583 m
(Figure 1C). Qilian Mountain stands along the northwest-
southeast boundary of Zhangye with an average elevation of
3,200 m. In the middle reaches, Hexi Corridor plain is the
biggest oasis in the HRB, covering 38% of the total area in
Zhangye. Desert grassland and Gobi Desert cover the north of
the city. Therefore, Zhangye has enjoyed the unique landform
of deserts and oasis. It has an arid and semiarid climate. The
high temperature and more than 80% of the precipitation are
mainly concentrated from May to September. With the elevation
decreasing, the annual average precipitation gradually decreases
from 450 to 100 mm, whereas the annual average temperature
increases from –16.3 to 8.9◦C from southeast to northwest
(Figure 1B). The plain in the middle usually has the highest
temperature and the most abundant precipitation.

In the middle reaches, the vast Hexi Corridor plain is a major
agricultural area in the HRB, benefiting from flat terrain, rich
light and heat resources, and the large range of temperatures
between day and night. Agricultural irrigation accounts for 88%
of the total water consumption in Zhangye. Water scarcity
is the key factor restricting agricultural production. However,
unreasonable industrial structure and increasing domestic
demand have further exacerbated the contradiction of water
supply and demand, as well as a series of ecological and
environmental problems such as desertification and salinization.
Thus, alleviating the contradiction of water supply and demand
in the view of virtual water under climate change can benefit
regional high-quality development.

Data
Economic Data to Construct the Input-Output Table
The 2012 IO table of Zhangye was collected from the
data prepared by Wu et al. (2017), based on which the
2017 IO table was further compiled through a non-survey
approach. It consists of 39 sectors, including agriculture, mining,
manufacturing, construction, and service industries, and their
subordinate sectors. The classification of sectors depends on
National Economical Industry Classification (GB/T 4754-2017)
and data availability. There are two types of data required for
implementing the IO model, including the economic production
and consumption data and the water consumption statistics.
Data on total output, added value, and final consumption at
county-level sectors were collected and calculated from statistical
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FIGURE 1 | Geographical location of Zhangye in the HRB, northwestern China. (A) The map of China. (B) The location of the Heihe River Basin. (C) The location of
Zhangye city.

yearbooks. Water consumption data in Zhangye were derived
from the water resources bulletin. Among each sector, data for
the agriculture and construction industry were collected directly,
whereas data for other industries were calculated based on water
consumption per unit of GDP, industrial output value, and
water consumption amounts at the national level and city level.
Then, we corrected data through the total water consumption
of industries and tested the data using sectoral water quota
and product outputs in Zhangye. An intermediate input matrix
was obtained using the RAS technique to adjust the bilateral
proportion of intermediate inputs and intermediate outputs, as
well as to calculate several iterations with the constraints of row
and column sums. We finally obtained the IO tables with water
accounts embedded in Zhangye in 2012 and 2017.

Climate Data
Historical climate data (1980–2020) were obtained from the
National Meteorological Information Center.1 It provides a daily
dataset of surface climate data (V3.0), including maximum
temperature, minimum temperature, average relative humidity,
average wind speed, and sunshine hours. Future climate data
were from the Coupled Model Intercomparison Project (CMIP6)
multimode climate scenario data.2 The Sixth Assessment Report
of the Intergovernmental Panel on Climate Change has adopted
a new set of emission scenarios developed using SSPs (Pedersen

1http://data.cma.cn/
2https://esgf-node.llnl.gov/projects/cmip6/

et al., 2021). SSPs include five scenarios (SSP1: sustainability;
SSP2: middle of the road; SSP3: regional rivalry; SSP4: inequality;
and SSP5: fossil fuel development), which represent different
combinations of mitigation and adaptation challenges and
a set of qualitative storylines and quantitative development
indicators, including population, economy, education, city, and
technology (O’Neill et al., 2017; Huang et al., 2019). The
CMIP has conducted remarkable work in designing climate
model standards and developing shared climate simulation
data to support new scientific issues of climate change. The
new phase CMIP6 proposed a new projection scenario, which
combines different SSPs and RCPs, which makes future scenarios
more reasonable (Eyring et al., 2016; Simpkins, 2017). Climate
models are key tools to simulate climate change scenarios. The
CMIP6 has provided various outputs of multi-series climate
models, where ESM and Earth models have been confirmed
to have significant improvement in simulation performance for
extreme temperature and precipitation in arid and semiarid
areas (Karim et al., 2020; Lim Kam Sian et al., 2021; Wang L.
et al., 2022). In this study, we selected data for the period
2020–2050 from four core scenarios integrated by MPI-ESM1-
2-HR and EC-Earth3-Veg models (SSP126: the green road
with low radiation forcing; SSP245: the middle road with
moderate radiation forcing; SSP370: the rocky road with
moderate radiation forcing; and SSP585: the highway with
high radiation forcing). By using climate output data from
these scenarios to adjust the parameters of the Penman-
Monteith combination equation, we predicted the trend of
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FIGURE 2 | An IO table with water accounts embedded.

agricultural crop water requirement in Zhangye under different
scenarios in the future.

Methods
The Input-Output Model of Water Consumption
The IO model forms a matrix to describe the quantitative
relationship of input and output in various economic sectors
across time. Recently, the IO model with water accounts
embedded (Figure 2) has been widely applied in research
on water resources management because of its advantages in
structured data and unique correlation analysis. Calculating the
sectoral water consumption relies on several key coefficients.
The direct water consumption coefficient represents the amount
of physical water consumed by sectoral per unit output value
during production. Apart from the direct water consumption,
intermediate products and services provided by other sectors
also consume water invisibly. It is regarded as indirect water
and reflected by the indirect water consumption coefficient. The
sum of the direct water consumption coefficient and indirect
water consumption coefficient is equal to the total water input
coefficient. It refers to the total amount of water consumption to
provide a final product of sectoral per unit output value.

dj =
Wj

Xj
, j = 1, 2, ..., n (1)

t = d + k (2)

t = d(I − A)−1 (3)

aij =
xij
Xj

, i = 1, 2, , n, j = 1, 2, ..., n (4)

W = d(I − A)−1Y tY (5)

VW = t ∗ Ŷ (6)

TVW = VW − VWT (7)

In Eq. 1, dj is the direct water consumption coefficient of
sector j, Wj is the direct water consumption of sector j, Xj is
the total output value of sector j, and n represents the number
of sectors. In Eq. 2, direct water consumption coefficients of all
sectors constitute the row vector d, and t and k represent the
row vectors of total water input coefficients and indirect water
consumption coefficients, respectively. In Eqs 3 and 4, I is an
identity matrix of order n. aij is the technical coefficient, referring
to the product’s value provided by sector i when producing
per unit output value in sector j. xij is the product’s value in
sector j provided by sector i. Technical coefficients of all sectors
constitute the direct IO coefficients matrix A. (I − A)−1 is known
as the Leontief inverse matrix. It links direct water consumption
coefficients d and total water input coefficients t, reflecting the
relationship between the direct and total input when considering
the intermediate inputs from other sectors. In Eq. 5, the row
vector t of total water input coefficients was multiplied by the
column vector Y of final consumption in sectoral products. On
the right side of Eq. 5, the total water consumption W in the
macro national economic system includes water consumption
from the household, government, capital, import, and export. In
Eqs 6 and 7, we obtained the total water consumption matrix VW
by multiplying the row vector t and the intermediate IO matrix
Ŷ among sectors. We further established the sectoral transfer
matrix TVW of virtual water by subtracting matrix VW from its
transpose matrix.

CROPWAT Model for Crop Water Requirement
Calculation
CROPWAT model is an approach to calculate crop
evapotranspiration using crop coefficients and meteorological
and soil data to obtain crop water requirements. Agriculture is
the largest sector of water consumption in Zhangye. Thus, we
assumed non-agricultural sectors are not sensitive to climate
change and only investigated the impact of climate change on
the water consumption in agricultural sectors to simplify our
calculation. As the water content of crops contains only 0.1–1%
of evapotranspiration, the accumulative evapotranspiration
during the growth period is approximately equal to the crop
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water requirement. We used CROPWAT 8.0 developed by
Joss Swennenhuis for the Water Resources Development and
Management Service of FAO3 to calculate the crop water
requirement of two typical crops (wheat and maize) in Zhangye.
The calculations were as follows:

ETc =

dharvest∑
d dplant

ETc,d (8)

ETc,d = ET0,d ∗ Kc (9)

ET0,d =
0.4084 (Rn − G) + γ 900

T + 273u2(es − ea)
4 + γ(1 + 0.34u2)

(10)

In Eq. 8, we defined the crop water requirement as ETc. It
is the accumulation of daily crop water requirements, namely,
ETc,d, during the entire growth period from the initial stage to the
end of the late-season stage. In Eq. 9, ETc,d was calculated by the
reference evapotranspiration ET0,d and the crop coefficient Kc.
The reference evapotranspiration ET0,d, also named the reference
crop water requirement, was calculated by the Penman-Monteith
combination method recommended by FAO. The equation of
the Penman-Monteith combination is shown in Eq. 10, where
Rn is the net radiation at the crop surface (MJ·m−2

·day−1),
G is the soil heat flux density (MJ·m−2

·day−1), T is daily air
temperature (◦C), u2 is the daily wind speed at 2 m height (m/s),
es and ea represent saturation vapor pressure and actual vapor
pressure (kPa), respectively,4 is the slope curve of vapor pressure
(kPa/◦C), and γ is the psychrometric constant (kPa/◦C).

The crop coefficient Kc incorporates the effects of crop
characteristics and soil evaporation to reflect the difference
in crop water requirement influenced by crop types, planting
areas, and soil and climate conditions. Kc coefficients differ in
different growth stages, including the initial stage (Kcini), the
mid-season stage (Kcmid), and the end of the late-season stage
(Kcend). FAO has provided stages length of various planting
periods and reference Kc coefficients of various crops globally
under non-stressed, well-managed, and subhumid climates
(RHmin45%, u22 m/s), as well as adjustment methods of crop
coefficients in different growth stages.

Kcmid = Kcmid(Tab) [0.04 (u2 − 2)− 0.0004 (RHmin − 45)]
(
h
3

)0.3
(11)

Kcend = Kcend(Tab) [0.04 (u2 − 2)− 0.0004 (RHmin − 45)]
(
h
3

)0.3
(12)

RHmin = 100
e0 (Tdew)

e0 (Tmax)
(13)

In Eqs 11 and 12, Kcmid, Kcend were adjusted by reference
coefficients Kcmid(Tab), Kcend(Tab). No adjustment was required

3https://www.fao.org/land-water/databases-and-software/cropwat/

TABLE 1 | Growth stages length of wheat and maize in Zhangye (unit: days).

Growth stage Initial
stage

Rapid stage Mid-season stage End of the late
season stage

Wheat 20 20 60 30

Maize 30 40 60 30

FIGURE 3 | Crop coefficients Kc curves of wheat and maize in Zhangye.

when Kcend(Tab) 0.45. Kcini was determined comprehensively by
the magnitude and time interval of wetting events, soil texture,
and reference evapotranspiration. RHmin is daily minimum
relative humidity (%), u2 is the daily wind speed at 2 m height
(m/s), and h is plant height during the growth stage (m). In Eq. 13,
e0 (Tdew) and e0 (Tmax) represent the saturation vapor pressure
under mean dewpoint temperature and mean daily maximum air
temperature, respectively. In arid and semiarid climates, Tdew can
be replaced by subtracting 2◦C from the average value of T min.

Based on this, we got Kc coefficients of wheat and maize in
Zhangye in different growth stages. We showed growth stages
length and Kc coefficients curves of wheat and maize in Zhangye
(Table 1 and Figure 3). We also obtained the accumulative crop
water requirement per unit area during the entire growth period,
ETc(m3/hm2). In Eq. 14, we further calculated the total crop
water requirement, namely, the virtual water content of the crop,
VWCc(m3) by combining with yield per unit area Yc and crop
yield Ac.

VWCc =
ETc

Yc
× Ac (14)

RESULTS

Water Consumption of Different
Industrial Sectors
By analyzing the composition of water consumption coefficients
of each industrial sector calculated by the IO model, we
found the structure and intensity of water consumption when
providing sectoral final products (Table 2). Planting was the
largest water consumption sector, whose direct consumption
accounted for the most. The direct water consumption coefficient
(d) of the planting sector was 3,307.47 m3/yuan in 2012 and
2,311.78 m3/yuan in 2017, more than 100 times higher than
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TABLE 2 | Water consumption coefficients of Zhangye industrial sectors in 2012 and 2017 (unit: m3/yuan).

d k t

Industrial sectors and codes 2012 2017 2012 2017 2012 2017

Planting (PA) 3307.5 2311.8 134.1 86.4 3441.6 2398.2

Non-planting agriculture (NPA) 253.1 246.0 193.3 139.3 446.4 385.3

Mining industry (B) Coal mining and dressing. 6.2 2.3 23.5 26.7 29.6 29.0

Metallic ore mining and dressing. 21.3 7.9 22.1 33.4 43.5 41.4

Non-metallic minerals mining and dressing. 45.3 16.8 20.5 15.8 65.8 32.5

Manufacturing
industry (C)

Manufacture of food products and tobacco processing. 6.9 2.6 527.3 472.3 534.2 474.8

Sawmills and furniture. 3.1 1.2 89.6 97.7 92.7 98.9

Pater and products, printing, and record medium reproduction. 37.3 13.8 50.8 43.6 88.1 57.4

Petroleum processing, coking, and nuclear fuel processing. 22.5 0.0 0.1 0.0 22.6 0.0

Chemical industry. 38.1 14.1 10.2 14.8 48.3 28.9

Non-metallic mineral products. 7.3 2.7 15.4 15.8 22.7 18.5

Metal smelting and pressing. 30.8 11.4 33.3 38.5 64.1 50.0

Metal products. 2.7 1.0 47.9 35.7 50.6 36.7

Equipment manufacturing. 1.5 0.6 34.7 29.6 36.2 30.2

Electricity, heat,
gas, and water
supply industry (D)

Electricity and heat production and supply. 68.4 25.3 6.9 5.6 75.2 30.9

Gas production and supply. 0.0 31.3 0.0 0.0 0.0 31.3

Water production and supply. 27.1 10.1 19.5 17.1 46.6 27.1

Construction industry (E) 5.1 0.6 42.8 26.6 47.9 27.2

Service industry (S) Transport, storage, and post services 1.7 4.1 38.6 21.2 40.3 25.3

Telecommunication, computer, and software services. 1.0 2.4 14.6 9.4 15.5 11.8

Wholesale and retail trade services 2.8 7.0 8.8 6.7 11.7 13.7

Accommodation and food serving. 10.1 25.1 50.9 51.3 61.0 76.4

Finance. 0.9 2.1 15.7 12.1 16.6 14.3

Real estate. 0.9 2.1 11.5 8.3 12.4 10.4

Rental and business services. 4.2 10.3 15.9 10.4 20.0 20.8

Scientific research and technology. 2.3 5.8 15.4 10.3 17.7 16.1

Water, environment, and public facilities management. 4.2 10.5 63.7 41.8 68.0 52.3

Residential and social services. 2.1 5.3 31.4 21.5 33.6 26.9

Education. Health, social security, and welfare. Cultural, sporting, and recreational services. 0.9 2.3 15.9 9.5 16.8 11.9

Public management and social organization. 4.2 10.5 16.5 11.3 20.7 21.8

FIGURE 4 | Composition of final water consumption of Zhangye in 2012 (A) and 2017 (B).
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that of other sectors. Furthermore, the direct consumption
coefficients (d) were relatively higher in sectors, including
non-metallic minerals mining and dressing, chemical industry,
and electricity and heat production and supply, which were
regarded as direct water consumption sectors along with
agriculture. In contrast, coal mining and dressing sector
sectors in the manufacturing industry (other than the chemical
industry and petroleum and coking processing sector), and
all sectors in construction and service industries were all
indirect water consumption-dominated sectors. Specifically, the
service industry rarely consumed water directly. The direct
consumption coefficients (d) were less than 1 m3/yuan in 2012 in
service sectors, including finance, real estate, telecommunication,
computer and software services, and education, health, cultural,
and sporting services. The manufacture of food products
and tobacco processing sector was the second-largest water
consumption sector after agriculture. It had the highest indirect
water consumption coefficient (k) among all sectors with
527.31 m3/yuan in 2012 and 472.25 m3/yuan in 2017, accounting
for approximately 99% of its total water input coefficient.
Besides, the indirect consumption coefficients (k) were generally
higher than the direct consumption coefficients (d) in the
construction and service sectors, and coal mining and dressing
sectors, accounting for 93.5, 80, and 86% of their total water
input coefficients (t), respectively. These sectors consumed water
mainly from intermediate inputs of products and services and
were regarded as indirect water consumption sectors.

Water consumption intensity in all sectors averagely decreased
by 22% in 2017 compared with 2012 (Table 2). Specifically,
the total water input coefficient (t) of the electricity and heat
production and supply sector decreased the most by 58.9%,
followed by the non-metallic minerals mining and dressing
sector by 50.5%. As the largest water consumption sector,
the total water input coefficient (t) of planting decreased by
30.3%. Conversely, the direct consumption coefficients (d) of the
service industry increased significantly by 1.5 times, and water
consumption intensity in wholesale and retail trade services and
accommodation and food-serving services increased by 17.6 and
25.2%, respectively. Although total water consumption intensity
decreased, some indirect water consumption coefficients (k)
still increased in sectors, including the chemical industry, coal
mining and dressing, metallic ore mining and dressing, and
metal smelting and pressing. These sectors alleviated their own
water stress by increasing intermediate inputs from other sectors.
Our results showed that water utilization efficiency in most of
the sectors in Zhangye has increased. However, direct water
consumption intensity in the service industry was increasing
with its gradual increasing proportion in economic industries,
which has restricted the water utilization efficiency in the
service industry.

Analysis of water resources consumption from the viewpoint
of the consumer side showed that household consumption
was the major pathway for final consumption in Zhangye
(Figure 4). Households accounted for 80.6 and 86.4% of total
final consumption in 2012 and 2017, respectively, and consumed
the total water from planting, mining, and electricity, heat, gas,
and water supply industries. The proportion of urban and rural

FIGURE 5 | Net export intensity of virtual water of different sectors in Zhangye
in 2012 and 2017. Positive value represents net exports, while negative value
represents net imports.

household consumption in final consumption changed from 5:3
in 2012 to 4:5 in 2017 with the rapid urbanization. Therefore, the
structure of water consumption from households converted from
rural dominant to urban dominant. Water consumption from the
capital was dominant in the construction industry, accounting
for 98% of sectoral output. Additionally, water consumption
from the capital was also distributed in non-planting agriculture,
manufacturing (such as general and special-purpose machinery),
and service (such as telecommunication, computer, and software
services) industries. The government consumed water (59%)
mostly in the non-planting agricultural sector. It was also the
major pathway for final consumption in public utility sectors,
including public management and social organization, transport,
storage and post services, and education, health, cultural, and
sporting services. However, the proportion of water consumption
by the government decreased from 5% in 2012 to 2% in 2017,
which was occupied to the increasing household consumption.

Virtual Water Trade and Sectoral Transfer
Regional trade of virtual water in Zhangye was generally in the
direction of net exports (Figure 5). We calculated the proportion
of net flows to local water consumption to represent the intensity
of the virtual water trade. Virtual water net-export sectors
accounted for most of the economic industries of Zhangye.
Specifically, the intensity of virtual water net exports was greater
than 1 in agriculture, manufacturing, and electricity, heat, gas,
and water supply industries. Virtual water net exports were higher
than local consumption in these industries due to a large amount
of water consumption and commodity exports, especially in the
manufacture of food products and the tobacco processing sector.
However, virtual water trade in coal mining and dressing, and
most manufacturing sectors like non-metallic mineral products
sector was in the direction of virtual water net imports with high
external dependence on water utilization. From 2012 to 2017,
the virtual water net import intensity in the mining industry
(especially coal mining and dressing sector) has increased by
4.9 times with a higher external dependence. Moreover, the
intensity of virtual water net exports in most sectors has declined
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TABLE 3 | Sectoral transfer of virtual water of Zhangye in 2017.

Industry code A B C D E S Net outputs

A 0.000 −0.002 5.003 −0.014 0.080 0.157 5.224

B 0.002 0.000 0.097 0.014 0.017 −0.002 0.128

C −5.003 −0.097 0.000 −0.036 0.232 0.088 −4.815

D 0.014 −0.014 0.036 0.000 0.011 0.048 0.095

E −0.080 −0.017 −0.232 −0.011 0.000 −0.029 −0.370

S −0.157 0.002 −0.088 −0.048 0.029 0.000 −0.261

Net inputs −5.224 −0.128 4.815 −0.095 0.370 0.261 0.000

except for service and electricity, heat, gas, and water supply
industries. The direction of virtual water trade has even changed
from net imports to net exports in service sectors, including
finance, accommodation, and food-serving services, scientific
research and technical services, and education, health, cultural,
and sporting services. This indicates the increasing output value
and export advantages in the service industry. Although the
tendency of virtual water net exports in Zhangye has been
alleviated over the past 5 years, it was still much higher than local
consumption. Virtual water outflows hidden in products and
services will continue to exacerbate water scarcity in Zhangye.

Some basic sectors have provided virtual water through
intermediate inputs of products and services to support economic
industries. We analyzed virtual water transfer among different
industrial sectors in Zhangye based on the sectoral transfer
matrix (Table 3). Virtual water net output sectors were
commonly basic for social development, especially in agriculture,
mining, and electricity, heat, gas, and water supply industries,
whereas others were net input sectors. Virtual water transfer
between agriculture and manufacturing industries was the largest
(5 × 108 m3) in 2017, which was 91.8% of the total net
transfer due to plenty of intermediate inputs from agriculture
to the manufacture of food products and the tobacco processing
sector. Another major source of virtual water transfer was the
electricity, heat, gas, and water supply industry, where 50.2%
of water output was provided to the service industry in 2017.
Additionally, the mining industry has exported virtual water to
manufacturing and construction industries and received it from
the service industry through infrastructure services and financing
and technical support. However, since construction and service
were indirect water consumption industries, they received virtual
water from various sectors and depended on more intermediate
products and services of manufacturing (62.9%) and agriculture
(60.0%) industries, respectively.

The Trend of Crop Water Requirement
Under SSP-RCP Scenarios
Crop water requirement per unit area (ETc) of wheat and
maize had an incremental potential under the foreseeable climate
change scenarios (Figure 6). In the historical years, ETwheat
and ETmaize increased from 1980 to 2000, then decreased from
2000 to 2020. The peak of ETwheat and ETmaize were 5.3
and 3.6% higher than that in 1980, respectively. ETmaize was
approximately 1.5 times that of ETwheat with a widening gap.
In the following three decades, compared with the historical

FIGURE 6 | Crop water requirement per unit area (ETc) of wheat and maize in
Zhangye under different SSP-RCP scenarios during 1980–2050.

FIGURE 7 | Virtual water content of crops (VWCc) in Zhangye during
1980–2050.

average level in recent 40 years, ETwheat and ETmaize would
decrease by nearly 5% with the impacts of climate change
under SSP-RCP scenarios. However, ETwheat and ETmaize would
still show an increasing trend from 2020 to 2050. According
to four SSP-RCP scenarios, crop water requirement per unit
area varied from high to low and appeared in the scenarios of
SSP585 > SSP245 > SSP126 > SSP370. This showed that crop
water requirement per unit area would be higher under higher
radiation forcing and rapid socioeconomic scenarios. Specifically,
ETwheat and ETmaize were expected to reach the highest and
increase rapidly under the SSP585 scenario. The results indicated
that the water requirement intensity of crops would increase
after 2020 as the extreme climate events occurred frequently
and temperature changed substantially under high fossil-fueled
development and radiation forcing level.

The total crop water requirement or virtual water of crops
(VWCc) under the SSP-RCP scenarios was further calculated by
time-series forecasted crop yields and water requirement per unit
area. It showed that VWCc was increasing with an annual rate of
8.4% from 1980 to 2050 dominated by maize water consumption
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(Figure 7). The trend of virtual water content varied similarly
under four scenarios. Taking SSP126 scenario as an example,
though the crop water requirement per unit area was highest
in 2000, the total virtual water content of maize and wheat was
the lowest at the same time, then gradually increased since 2000.
Specifically, VWCwheat and VWCmaize in Zhangye increased by
nearly 70% during 1980–2020. As the planting proportion of
wheat and maize changed from 117:27 to 61:156 during the past
four decades, VWCwheat decreased while VWCmaize increased
with the adjusted planting areas and yield changes. VWCmaize
in 2020 had reached 4.3 times that in 1980. During 2020–
2050, VWCwheat would continue to decrease by 0.61%, whereas
VWCwheat would increase by 0.96% annually. Under predictable
climate change in the future, total virtual water content of crops
would constantly rise dominated by maize water consumption
with an average annual rate of 6.3%, which varies slower than the
historical period, but 99.7% higher than that in the year 1980.

Our results showed that crop water requirement in
agricultural sectors represented by maize and wheat had
been increasing over the past four decades because of cultivation
structure adjustment and high intensity of water requirement
of maize. According to Zhang et al. (2017), water consumption
for maize and wheat planting sectors accounted for more than
60% of total agricultural water consumption of Zhangye in 2012.
Therefore, the large-scale maize planting has caused large-scale
irrigation water consumption. This kind of agricultural planting
pattern with large water consumption made water scarcity
of Zhangye increasingly prominent. Although crop water
requirement per unit area was predicted lower than historical
level, total virtual water content was higher, indicating that long-
term climate change makes it possible to increase agricultural
irrigation water consumption. If the current agricultural planting
pattern with large water consumption continues for long, climate
change and large-scale maize planting will exacerbate the risk of
water utilization in the future.

CONCLUSION AND DISCUSSION

Global warming has exacerbated the uncertainty of frequent
extreme climate events and seriously threatened sustainable
water utilization. The irrational water utilization structure of
the socioeconomic system in Zhangye made local water scarcity
prominent. In this study, we applied the IO model to analyze
water consumption and virtual water linkages among different
economic sectors and used CROPWAT model to estimate future
crop water requirement under different SSP-RCP scenarios
for an agriculture-dominated region Zhangye. Based on the
IO analysis, we found that planting sector was the largest
water consumption sector dominated by direct consumption
in all economic industries of Zhangye. Others consumed water
mainly from intermediate products and services, especially in
sectors including manufacture of food products and tobacco
processing, coal mining and dressing, construction, and service.
Water consumption intensity in most sectors decreased from
2012 to 2017 except service industry restricted by its higher
direct water consumption. On the side of final consumption,

changing household behavior of water consumption was essential
to improve water utilization efficiency. Economic industries of
Zhangye obviously relied on sectors with higher outputs of virtual
water, including agriculture, mining, and electricity, heat, gas,
and water supply. Nevertheless, the amount of virtual water net
exports was much higher than that of local consumption. By
using CROPWAT model combined with future climate data,
we found that water requirement per unit area of maize and
wheat reached the highest in 2000 and would increase after 2020,
especially in SSP585 scenario. Under long-term climate change
scenarios, the high intensity of water requirement and large-
scale planting of maize would increase crop water requirement
in agricultural sectors.

Our study extends the previous study that water intensity and
final consumption are major factors of virtual water transfer in
China (Wang et al., 2021). Specifically, the result of sectoral water
consumption intensity decreasing during 2012–2017 indicates
the increasing water utilization efficiency in economic industries.
This was mainly driven by the effective water-saving measures
in agriculture, electricity production and supply, and non-
metallic minerals mining and dressing sector. Recently, it can
be inferred that the total amount control of water resources
and the constraints from industrial water quota of Zhangye
have played an important role in improving sectoral water
management. As for final consumption, household consumption
is the major pathway for final consumption; thus, household
behavior of saving water can effectively guide production and
business activities. We also consider that both high intensity
of virtual water net exports and the increasing tendency of
agricultural water consumption will exacerbate water scarcity of
Zhangye currently and even in the future, and are detrimental
to tackle with climate risks. This finding is consistent with
the existing view that water resources distribute unevenly with
virtual water outflows more in water-scarce region (Deng et al.,
2021; Zhai et al., 2021). Such water consumption structure is
abnormal and needs to be improved through regional trade.
Additionally, we calculated virtual water content of maize and
wheat based on CROPWAT model, which was 32.5% lower
than that of the total water consumption in maize and wheat
planting sectors by using MRIO model (Zhang et al., 2017). This
confirms that the result of virtual water content is reasonable to
reflect water consumption of the two agricultural subsectors to a
certain extent. Crop water requirement per unit area depends on
regional climatic conditions and crop varieties; moreover, virtual
water content of crops is also affected by agricultural material
inputs, irrigation intensity, planting arrangement, and cropland
management measures. Our analysis showed that under SSP-RCP
scenarios crop water requirement per unit area would be lower
than historical level, but virtual water content of crops would
be higher. This indicates that scientific management measures
and technical means are expected to reduce virtual water
content effectively and benefit for climate change adaptation in
agricultural sectors.

We further propose several implications for water resources
adaptive management of Zhangye. Our findings revealed
different characteristics of water consumption in various
industries, which is helpful to make differentiated strategies for
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industrial structure transformation. Zhangye is an agriculture-
dominated city; thus, agriculture has great water-saving potential
and should take more responsibility. This can reduce both the
highest amount of direct water consumption in agriculture and
indirect water consumption in manufacture of food products and
tobacco processing sector. Specifically, the planting proportion
of maize and other high-water-consumptive crops should be
appropriately reduced through cultivation structure adjustment.
Agricultural irrigation efficiency can be promoted by improving
irrigation and water conservancy and applying water-saving
technologies. In 2017, water-saving irrigation area of Zhangye
was 1,873 km2, reaching the highest level in Gansu Province.
Micro-irrigation and low-pressure pipe irrigation have been
used to increase water-saving irrigation area by 59.5%, but
spray irrigation, drip irrigation, and canal anti-seepage have not
been widely applied, which are expected to reduce per unit
irrigation area by nearly 30% referring to the existing water-
saving irrigation demonstration. Then, water resources saved in
agriculture can be reasonably used in the secondary and tertiary
industries through water rights trading. For example, saved
water in agricultural irrigation can be replaced for industrial
production. Additionally, an extended producer responsibility
guides producers to select upstream raw materials with lower
water consumption and environmental pollution as intermediate
inputs. Then, excessive water consumption of intermediate
products can be avoided that was provided by basic industries
like agriculture, and electricity, heat, gas, and water supply. As
for the development in mining and most manufacturing sectors,
it will not exacerbate local water consumption directly due to
their net import direction of virtual water trade. In spite of this,
they should focus more on reducing water environment pollution
and discharge during production activities. Construction and
service industries have lower water consumption but smaller
scale in economic industries of Zhangye. Our analysis showed
an incremental developing tendency in service industry that was
reflected by the rising intensity of water consumption and virtual
water net exports. Service industry should further develop toward
the structure of resource saving and technical innovation by
improving production technology and management modes.

Zhangye has met unprecedented opportunities and
developing moments from the belt and road to make better
use of both domestic and international markets and resources.
Our analysis of virtual water trade indicated that adopting
virtual water strategy rationally is important to transform the
unbalanced situation of increasing exports of virtual water flow
and local water scarcity. Therefore, taking measures to build
a sustainable virtual water trade pattern will help alleviate the
contradiction of local water supply and demand. Specifically,
in the economic industries of Zhangye, most sectors export
more virtual water than they import, especially in agriculture,
manufacturing, and electricity, heat, gas, and water supply
industries. It is obvious that most of the products produced in
these sectors are water intensive. In the view of regional trade, on
the one hand, the pattern of virtual water trade can be adjusted
by reducing exports and increasing imports of water-intensive
products like crops, processed food, and energy supply. On the
other hand, while optimizing industrial structure to develop the

scale of secondary and tertiary industries, international market
should also be broadened to expand the exported competitive
advantage of service industry with high economic added value.
Moreover, considering that most economic industries consumed
water indirectly, the industrial demand for water-intensive
products and services can be transferred outside the region
by promoting imports of intermediate products and services,
including crops and energy supply. As the first pilot of water-
saving cities in China, Zhangye has conducted active exploration
in water resources allocation, water rights trading, and water
saving and intensive utilization. However, facing the increasingly
local water scarcity and serious threat from climate change,
adaptive water resources management is necessary to change
the focus of water management from resources themselves
to adaptability improvement of social and economic systems
(Jin et al., 2020). Our implications are expected to promote
optimal allocation of water resources and contribute to the
high-quality development of the water-saving city Zhangye.
Although our analysis improved the understanding of virtual
water consumption and transfer among sectors and future
crop water requirement changes in Zhangye, there are several
limitations that require future research. One of the limitations
in our study is that specific direction of virtual water trade in
Zhangye has not been described due to the lack of universal
methods and comprehensive data for MRIO tables at city level.
Using gravity models combined with field survey data to reveal
internal trade relationships of virtual water may help improve
our research (Zheng et al., 2021). Another limitation is that for
future virtual water estimation under different climate change
scenarios we only consider the agricultural sectors. However,
climate change is a complex system that affects more than just
water utilization for agriculture. In spite of this, our findings
of agricultural crop water requirement can nevertheless be
extended to water consumption tendency in the socioeconomic
system as agriculture is the largest water consumption sector.
Consequently, our findings recommend that effective measures
can help alleviate the increasing water scarcity and realize
adaptive management of water resources in Zhangye. It further
motivates research on response mechanism of water utilization
and management to future climate change. Our research provides
significant reference for sustainable utilization of water resources
and high-quality development of Zhangye under the background
of climate change mitigation and adaptation.
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The flow of ecosystem services between regions as a result of the mismatch of supply and
demand has increasingly become a new research focus. Clarifying the spatial regularity of
ecosystem service flow is of great significance for realizing regional sustainable
development and improving human well-being. This study applied a network model to
map the interregional carbon flow based on the supply and demand of carbon
sequestration service, and the driving effect of various driving factors was further
analyzed. The results showed that the demand for carbon sequestration service on the
Qinghai-Tibet Plateau increased steadily from 2000 to 2019, resulting in an increasingly
significant difference between supply and demand with more than 20 million tons. In the
carbon sequestration service flow network, the number of defined deficit nodes increased
to 22 in 2010, but decreased to 21 in 2019. The interrupted edges continued to increase to
16, and the network density dropped to 0.022. The carbon sequestration service flow
network on the northeastern parts of the Qinghai-Tibet Plateau was severely damaged.
With the high-quality development of animal husbandry, the impact of grazing intensity on
the difference between the supply and demand of carbon sequestration service has been
weakened. When urbanization reached a certain level, the driving effects of urbanization
and agricultural activities increased significantly. The study provided a reference for the use
of network models to analyze ecosystem service flow, and provided a theoretical basis and
data support for local ecological management decisions.

Keywords: Carbon Sequestration, Supply and demand, network model, Spatial flow, Geographical detector

1 INTRODUCTION

Since the concept of ‘ecosystem service’ was put forward in the 1970s (Holdren and Ehrlich, 1974;
Westman, 1977), it has been continuously developed through further study and evaluation by many
scholars (Costanza et al., 1997; Daily, 1997). The widely accepted definition refers to the benefits that
humans derive from ecosystems. These benefits are classified as the supply services that provide food,
freshwater, production and living materials, cultural services that promote spiritual pleasure and
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civilized development, support services, and regulation services
that maintain the operation and development of the ecosystems
(Millennium Ecosystem Assessment, 2005). Carbon
sequestration service is an important regulation service that
plays an important role in slowing down the rise of
atmospheric CO2 concentration, regulating global climate, and
maintaining global carbon balance, which captures carbon in
atmosphere through the carbon sequestration function of
ecosystems and fixes the captured carbon to offset part of the
CO2 emitted by humans into the atmosphere (Yang et al., 2019;
Zhai et al., 2021). However, as population growth and economic
development have led to the increase in the demand for carbon
resources (Adams et al., 2020), resource consumption and
ecological damage have far exceeded the tolerance of the
ecosystem, seriously affecting the sustainability of carbon
resources (Abbasi et al., 2021). Ecosystem carbon sequestration
service have become one of the most concerned focuses in the
ecosystem service research.

As a hotspot and Frontier of ecological research, the study of
ecosystem services has been continuously deepened in recent
decades. The initial studies were conducted from the ecological
perspective, focusing more on the structure, processes and
functions of ecosystem (Kremen et al., 2007; Reiss et al.,
2009). Some researchers conducted dynamic evaluation of
ecosystem services through model simulation (Yapp et al.,
2010; Robards et al., 2011), while others estimated the value of
different types of ecosystem services in different regions from the
perspective of ecological economics (Kontogianni et al., 2010;
Zander and Straton, 2010). However, it was difficult to put
forward scientific management policies only for ecosystem
services supply without considering whether human’s demand
for ecosystem services has been met. Therefore, in recent years,
more and more attention has been paid to the study of the supply
and demand of ecosystem services and their balance. Kroll et al.
(2012) quantified and mapped the supply and demand of three
essential provisioning services, energy, food, and water, along the
rural–urban gradient of the eastern German region by using land
use, soil, climate, population, energy consumption and other data.
Burkhard et al. (2012) constructed a matrix linking spatially
explicit biophysical landscape units to ecosystem service
supply and demand, and used remote sensing, land survey and
socio-economic data to analyze the spatial pattern of ecosystem
service supply and demand and their balance. Yang et al. (2012)
analyzed the balance between the supply and demand of grain, oil
and meat production services in the Yellow River Basin based on
county-level statistical data, and visualized the spatial data. These
studies demonstrated the spatial mismatch between the supply
and demand of ecosystem services, which meant the ecosystem
services provided by the region were not used to meet the needs of
human society in the same region. In consequence, it is necessary
to study the whole process of ecosystem services from generation
to use, and clarify the flow process from supply to demand, so as
to determine the impact on the human well-being.

Ecosystem service flow, defined as the movement of services
from supply areas to benefit areas, can establish a spatio-temporal
connection between the supply and demand of ecosystem services
(Schirpke et al., 2019a). Therefore, clarifying the transmission

path and flow of the ecosystem services is conducive to improving
the accuracy of ecosystem service assessment. The formation of
services flow mainly depends on the spatial heterogeneity of
factors such as ecosystem structure, habitat condition,
utilization degree, and the increasing demand of human
beings at different levels is the fundamental driving force of
ecosystem service flow (Azam and Mohsen, 2021). The direction
and intensity of service flow reflect the regional differences in the
level of social and economic development (Zank et al., 2016). At
present, the research on ecosystem service flowmainly focused on
the construction of the theoretical framework (Maass et al., 2005;
Palomo et al., 2013), the analysis of service value (Turner et al.,
2012;Wang et al., 2021), and spatial correlation analysis of supply
and demand (Serna-Chavez et al., 2014). Although it was clear
that the source and sink of ecosystem services need to go through
a process of spatial flow, the existing studies have not accurately
described the flow. Despite the difficulties, research needs to be
continued. Only in this way can we accurately link the supply and
demand of ecosystem services and provide a scientific basis for
scientific and reasonable management policies.

Networks are composed of nodes that represent specific
objects, and edges that represent relations between nodes,
which can depict many systems that emphasize linkages
between components and dynamics (Reza et al., 2021). To
date, the network model has been widely used in the field of
ecosystem service. For instance, Dee et al. (2017) proposed that
using meta-networks to assess how drivers and management
actions will impact ES directly and indirectly. Field and
Parrott (2017) constructed a conceptual schematic of the
multi-ES network to assess landscape connectivity and
resilience. In addition, network model had great potential in
ecosystem service flow research. Wang et al. (2020) demonstrated
the effectiveness of the network model in mapping ESF by
constructing a freshwater service flow network for the Yanhe
watershed in China. Using networks to identify and regard the
supply and demand of ecosystem services as the starting point
and end point of the spatial flow can support connectivity
assessment, determine the service flow transmission path and
help identify spatial and temporal changes (Feurer et al., 2021).
The ecosystem services network can assist in making ecological
protection decisions by identifying where ecosystem services is
most or least connected, and which nodes and edges are the most
important.

The Qinghai-Tibetan Plateau has unique ecological
significance not just for the natural ecosystems, but also for
human society. As an important geographic and ecological
unit, the changes in the ecosystems of the Qinghai-Tibet
Plateau have a significant impact on the global environment.
For the purposes of this study, we adapted the definition of
ecosystem service flow from Bagstad et al. (2013) as the
transmission of carbon from ecosystems to humans with a
spatio-temporal connection between carbon supply and benefit
areas. Therefore, the aims of this study were to: 1) quantify and
map the spatio-temporal patterns on the supply and demand of
carbon sequestration service from 2000 to 2019; 2) construct the
carbon sequestration service flow network on the Qinghai-Tibet
Plateau; 3) analyze the driving factors of difference between
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supply and demand of carbon sequestration service and discuss
implications for resource management. The study contributed to
a better understanding of the objective laws governing spatial flow
of carbon sequestration service in regional ecosystems as well as
providing theoretical basis and data support for regional carbon
management, which was critical to the ecological management
and sustainable development of the Qinghai-Tibet Plateau.

2 DATA SOURCES AND METHODS

2.1 Study Area
The Qinghai-Tibet Plateau (QTP) is located in the Southwest
China (73°18′E~104°46′E, 26°00′N~39°46′N) (Figure 1) and is
the world’s largest andmost unique geographical unit, accounting
for about 26.8% of the land area in China. With an average
altitude of more than 4000 m, it is known as the “third pole” of the
Earth. The region belongs to a typical continental plateau climate
area with low air temperature, strong solar radiation and distinct
dry and rainy seasons. The mean annual precipitation ranges
from 415 to 515 mm, and the mean annual temperature varies
from -2.2 to 0°C. Precipitation and average annual temperature
decline from the southeast to the northwest of the Plateau. As one
of the most important agricultural and pastoral areas in China,
the QTP is abundant in grassland resources, accounting for
50.43% of the country’s total grassland area. The average
annual carbon storage reaches 37.61 Pg C, accounting for

63.2% of the total grassland carbon storage in China, which is
vital to maintain ecological security of China and the global
carbon cycle (Li et al., 2019).

Administratively, the Qinghai-Tibetan Plateau covers six
provinces including Xinjiang, Gansu, Qinghai, Tibet, Yunnan
and Sichuan. Since 1949, the population has grown rapidly. By
the end of 2019, the total population has reached 26.85 million.
The expansion of agriculture and animal husbandry in recent
decades has deteriorated grassland ecosystems and increased
greenhouse gas emissions, contributing to global climate
change (Liu et al., 2021). Increasingly intense human activities
have led to the degradation of the ecosystems and the continuous
loss of biodiversity on the QTP, and the further decline in the
supply of ecosystem services on the Plateau. The demand for
ecosystem services has increased with the acceleration of
urbanization. The trend of mismatches between ecosystem
service supply and demand became increasingly serious (Sun
et al., 2020).

2.2 Data Sources
The basic data used in this study includes the following: 1) NPP
data is derived from the MODIS data of the National Aeronautics
and Space Administration (NASA) with a spatial resolution of
500 m. 2) Land use data are interpreted by Landsat TM and
provided by the Data Center for Resources and Environmental
Sciences, Chinese Academy of Sciences (RESDC). 3) Wind
direction data is obtained from the European Center for

FIGURE 1 | Study area.
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Medium-Term Weather Forecast and is further counted to the
dominant wind direction in the past 20 years according to the city
scale. 4) Socioeconomic data include population of urban and
rural residents, GDP, agricultural material input, crop yield,
livestock production, electricity, heat, etc. The data is derived
from statistical yearbooks and national economic and social
development bulletins of various provinces and cities. Specific
data sources are shown in Table 1.

2.3 Materials and Methods
2.3.1 Supply and Demand of Carbon Sequestration
Service
The study referred to the evaluation of ecosystem services by
Zhang et al. (2021) and Bagstad et al. (2014), using vegetation net
primary productivity (NPP) to characterize the supply of carbon
sequestration service, and using regional carbon emissions as the
demand of carbon sequestration service, as shown in Table 2.

NPP can reflect not only the productivity of vegetation in the
natural environment, but also the surface carbon sequestration
capacity. Therefore, NPP can characterize the supply of carbon
sequestration service (CS) (Jia et al., 2014). Carbon emitters are
users of carbon sequestration service, so carbon emissions
provide one possible measure for the demand of carbon
sequestration service (CD) required to offset anthropogenic

emissions (Bagstad et al., 2014). The carbon emissions
calculated in this study mainly come from the production and
life of residents, as shown in Eq. 1.

CD � (Cpop + Cagri + Canim + Celec + Cheat) ×
12
44

(1)

where Cpop, Cagri, Canim, Celec, Cheat refer to the carbon emission
from residential breathing, agriculture, animal husbandry,
electricity and heat, respectively. The specific calculation
formula is as follows:

Cpop � p × l × 365 (2)
where Cpop is calculated by the number of population p and the
CO2 emission per person per day l with the value of 0.75 kg
(Zhang et al., 2021).

Agricultural production activities consume large amount of
chemical fertilizers, pesticides and other products, which brings
about large carbon emissions (Li M. et al., 2021). This study
calculated the carbon emissions from chemical fertilizers,
pesticides, agricultural plastic film, machinery, and irrigation
as follows.

Cagri � Nf × EFf +NP × EFP +Nm × EFm +Ne × EFe

+Na × EFa +Nir × EFir (3)

TABLE 1 | Data type and sources.

Data category Items Spatial Resolution Data sources

Remote sensing
data

NPP 500 m MODIS data of the National Aeronautics and Space Administration (NASA)
(https://search.earthdata.nasa.gov/search/)

Land use 500 m- Data Center for Resources and Environmental Sciences, Chinese
Academy of Sciences (RESDC) (http://www.resdc.cn)

Meteorological
data

Wind direction the European Center for Medium-Term Weather
Forecast (https://www.ecmwf.int/)

Socioeconomic
data

Population county-level Statistical yearbooks of Qinghai, Sichuan, Yunnan, Tibet, Xinjiang and
Gansu in 2001, 2011 and 2020; National economic and social
development bulletin of some counties in 2001, 2011 and 2020

GDP
Chemical fertilizer
Pesticide
Plastic film
Crop area
Agricultural
machinery
Irrigated area
Livestock
Crop yield
Meat production
Electricity
Heat

TABLE 2 | Datasets for mapping the supply and demand of carbon sequestration.

Metrics Unit Data

Supply (CS) Carbon sequestration 104 t C MODIS NPP data
Demand (CD) Carbon emission 104 t C Population; Agricultural production activities; Animal husbandry; Electricity; Heat
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In the formula, Nf, NP, Nm, Ne, Na and Nir represent the
amount of chemical fertilizer used (kg), the amount of pesticide
used (kg), the amount of agricultural plastic film used (kg), the
area planted with crop (hm2), the power of agricultural
machinery (kW) and the irrigated area (hm2), respectively.
EFf, EFP, EFm, EFe, EFa and EFir indicate the carbon
emission factors of chemical fertilizers, pesticides, agricultural
plastic film, crops, agricultural machinery, and irrigation,
respectively. The specific values are listed in Table 3.

Animal husbandry carbon emissions are greenhouse gas
emissions which are expressed in terms of equivalent carbon
dioxide, including methane emissions from animal enteric
fermentation and methane and nitrous oxide emissions from
animal manure management (Guo et al., 2017). The formula is
calculated as follows:

Canim � ∑(EFCH4 ,enteric,i × Ni + EFCH4 ,manure,i × Ni) × 28

+∑(EFN2O,manure,i × Ni) × 265 (4)
In the formula, EFCH4 ,enteric,i and EFCH4,manure,i are the methane

emission factors for animal enteric fermentation and manure
management, respectively, in kg/head/a. EFN2O,manure,i is the
nitrous oxide emission factor for animal manure management,
and the unit is kg/head/a; Ni is the annual breeding amount of
the i-th animal, with the unit being head/a. 28 and 265 are the global
warming potential factors of methane and nitrous oxide on one-
hundred-year time scale (Xu et al., 2018).

Celec � Nelec × EFelec (5)
where Celec is calculated by electricity consumption Nelec and
power emission factor EFelec (Yang et al., 2019).

Cheat � Nheat × EFheat (6)
where Cheat is calculated by the total amount of steam and hot
water heatingNheat and emission factors EFheat with value of 0.11
(Zhang et al., 2021).

To better analyze the supply-demand situation of carbon
sequestration service at city scale, the difference between
supply and demand of carbon sequestration (DSDC) in
different cities was calculated on the Qinghai-Tibet Plateau.
The formula is as follows:

DSDCi � CSi − CDi (7)
where CSi and CDi are carbon sequestration service supply and
demand in each city i, respectively. DSDCi is the result of difference

between the supply and demand of carbon sequestration service in
each city i. When DSDCi > 0, it indicates that the city belongs to the
ecological surplus area, where the supply of carbon sequestration
service is greater than the demand. Conversely, the city belongs to
the ecological deficit area if the supply is less than the demand.

2.3.2 The Network Model of Carbon Sequestration
Service Flow
In the carbon sequestration service flow model of this study, we
assumed that the carbon sequestration service flow connected the
supply area with the demand area through the atmospheric
circulation in a closed system, without considering the obstacles
and resistance in the process (Schirpke et al., 2019b). The demand
for carbon sequestration service in different spatial locations could be
offset by the remaining supply amount in other regions. The flow
path of the carbon sequestration service was mainly determined
according to the dominant wind direction, and the flow source and
sinkwasmainly determined according to theDSDC. This study used
a network model to reveal the carbon sequestration service flow
between different cities on the Qinghai-Tibet Plateau. The specific
construction process is shown in Figure 2.

Step 1. Defining nodes. We set the central point of each city on
the Qinghai-Tibet Plateau as the node of carbon sequestration
service flow network. These central points with geographic
coordinates (longitude and latitude) were extracted by ArcGIS
10.2. The weight of each node was calculated as the difference
between carbon sequestration supply and demand (DSDC) in
each city. If the weight was greater than 0, it meant supply could
meet local demand, and therefore we defined this node as a
surplus node. Otherwise, we defined it as a deficit node. Different
color of nodes was utilized to indicate the surplus or deficit state.
The size and shade of the nodes represented the degree of surplus
or deficit.

Step 2. Defining edges. We defined carbon sequestration
service flows from one location to another as edges between
nodes. Referring to Wang et al. (2020), we assumed that the
remaining carbon flows from node to node accumulating
following the dominant wind direction, as flows satisfied the
demand of each local area and moved among cities. On the
contrary, if one node was in deficit and its carbon sequestration
demand was still not met with supplements from other nodes,
then the node would have no surplus for the adjacent node,
implying that the edge was interrupted. It was worth noting
that this assumption was based on accumulation, i.e., flowing
until the final accumulation of carbon sequestration supply
could not meet the demand. We used the black lines with
arrows to represent connecting edges, indicating that there was
carbon sequestration service flow on the path, and the red
dashed lines represented the interrupted edges, that is, there
was no service flow along the path.

Step 3. Constructing the network. Based on the definitions and
assumptions above, we visualized the carbon sequestration flow
network using Gephi software (https://gephi.org/) with Geo
layout that accurately determined the spatial location of nodes

TABLE 3 | Specific values of carbon emission factors (Xu et al., 2018).

Carbon emission factors Unit Value

EFf Chemical fertilizers kg/kg 0.896
EFp Pesticides kg/kg 4.934
EFm Agricultural plastic film kg/kg 5.18
EFe Crops kg/hm2 16.47
EFa Agricultural machinery kg/kW 0.18
EFir Irrigation kg/hm2 20.476
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according to their geographic coordinates, making the spatial
flow paths between nodes more intuitive.

Step 4. Analyzing the network. After constructing the carbon
sequestration service flow network, we analyzed the network
properties from three aspects. Firstly, we used the number of
surplus and deficit nodes to analyze the spatial match between
supply and demand of carbon sequestration services (Chen
et al., 2019). Secondly, we distinguished the potential and
actual supply of carbon sequestration service according to
the number of flowing and no flowing edges. The carbon
sequestration supply of one node may come from two parts
that are the node itself and the carbon sequestration flows.
Therefore, although the carbon sequestration supply of some
nodes cannot meet demand under the static spatial matching,
they can meet the demand because of service flows.
Specifically, in the carbon sequestration service flow
network, nodes starting with solid lines indicated that
supply actually can meet the demand, while nodes starting
with dotted lines indicated that the supply actually cannot
meet the demand. Finally, we calculated network density to
analyze the connectivity of the carbon sequestration service

flow network. The greater the network density, the better the
overall connectivity of the network.

2.3.3 The Driving Force of the Difference Between
Supply and Demand of Carbon Sequestration Service
Considering data accessibility and scientific analysis,
urbanization, socioeconomic conditions, demographic
factors, agricultural activities, grazing intensity, and urban
conditions were selected as the driving force for DSDC.
Referring to previous studies, six possible indicators were
used to represent these driving forces. The detailed variables
are described in Table 4.

The geographical detector model was used to detect spatial
stratified heterogeneity and reveal the main driving forces of
variables (Wang and Xu, 2017). Specifically, it measures a
dependent variable (Y) while also testing the coupling between
Y and X (explanatory variable) and investigates the effect of the
interaction between two explanatory variables on Y. There are
several advantages of this method. First, the dependent and
explanatory variables do not require linear assumptions.
Second, the explanatory variables do not need to consider
the multiple collinearity problem. Third, the method can

FIGURE 2 | Summary of the steps for mapping the service flow network.

TABLE 4 | Description of the driving force factors.

Variables Data description Unit Cited reference

DSDC Differences between supply and demand of carbon sequestration 104 t C -
UR Urbanization rate % Wang and Zhao (2018)
GDP GDP per capita Yuan Kumar and Muhuri (2019)
POP Population density Person/km2 Qin et al. (2019); Yang et al. (2015)
AI Total output of crops 104 t Yang et al. (2022)
GI Total output of beef and mutton 104 t Wachiye et al. (2022)
PCL Proportion of construction land % Tian and Zhou (2019)

Svirejeva-Hopkins and Schellnhuber (2008)
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determine how the interaction of two explanatory variables
affects the dependent variable.

The module of factor detection is commonly applied to
determine a specific geographical factor. Quantification of the
spatial distribution difference is performed by comparing the
total variance of this indicator in different regions and the entire
region. The formula of q value is given below:

q � 1 − ∑L
h�1∑

Nh
i�1(Yhi − �Yh)

2

∑N
i−1(Yi − �Y

2)
� 1 − ∑L

h�1Nhσ2h
Nσ2

� 1 − SSW

SST
(8)

SST � ∑N

i
(YI − �Y)2 � Nσ2 (9)

SSW � ∑L

h�1 ∑
Nh

i
(Yhi − �Yh)

2 � ∑L

h�1Nhσ
2
h (10)

where q ∈ [0, 1] and is the percentage of explanation for factor X to
variable Y (the larger the q value, the higher the interpretation of
variable Y by factor X); h = 1,. . .,L is the layer of explanatory variable
X;Nh andN are the numbers of cities in layer h and the total district,
respectively; Yi and Yhi denote the value of unit i in the population
and layer h, respectively; σ2h and σ

2 are the variance in the h layer and
the region, respectively; SST is the total sum of squares; and SSW is
the within sum of squares. Generally, q ≥ 0.3 indicates that there is a
comparatively strong driving force onDSDC (Chen et al., 2018). The
value for q satisfies the non-central F distribution and non-centrality
λ are calculated as follows:

F � N − L

L − 1
q

1 − q
~ F(L − 1, N − L; λ) (11)

λ � 1
σ2

⎡⎢⎢⎢⎣∑L

h�1
�Y
2
h −

1
N
⎛⎝∑L

h�1

NhYh

√ ⎞⎠
2

⎤⎥⎥⎥⎦ (12)

where λ is a non-central parameter and �Yh is the mean of layer h.
The significance of q can be checked by Eq. (11) (12) in
Geodetector software

The module of interaction detection quantifies the interaction
between two explanatory factors X1 and X2 by comparing the q

value of factors X1 and X2 with the interaction q value (X1 ∩ X2)
to assess whether the factors weaken or enhance one another or
are independent of each other. Themodule of ecological detection
compares whether the effects of the two explanatory factors are
significantly different by using the F-test (Wang and Xu, 2017).

3 RESULTS

3.1 The Spatio-Temporal Pattern of Carbon
Sequestration Service Supply and Demand
The supply of carbon sequestration service on the Qinghai-Tibet
Plateau has not changed significantly, which increased from 28.38
million tons in 2000 to 31.45million tons in 2019.While the demand
for large changes increased from 23.95 million tons in 2000 to 51.55
million tons in 2019 (Figure 3). It should be noted that the supply of
carbon sequestration service exceeded the demand in 2000.
However, the supply was less than the demand in 2010 and
2019, and the carbon deficit in 2019 exceeded by 20 million tons.

In terms of the spatial variability, the supply of carbon
sequestration service gradually decreased from the southeast to
the northwest (Figure 4). Especially, the high-supply areas were
mainly concentrated on the southern parts of the Qinghai-Tibet
Plateau. Compared with that in 2000 and 2010, the supply in the
northwestern increased significantly in 2019. Cities with high
demand for carbon sequestration service (over two million tons)
increased from one in 2000 to five in 2019. Among the cities,
Xining and Haidong in Qinghai province had the largest demand
for carbon sequestration service, and the demand for Hotan and
Kashgar in Xinjiang province has increased significantly.

Figure 5 depicted the differences between the supply and
demand of carbon sequestration service in various cities on the
Qinghai-Tibet Plateau in 2000, 2010 and 2019. Due to the rapid
development of carbon demand, most cities have turned from
carbon surpluses to deficits (such as Linxia and Chengdu), or the
deficits have increased (such as Yushu and Xining), or the surpluses
have weakened (such as Longnan and Shannan). However, there
were still cities that have improved. For example, Ganzi and Aba in
Sichuan province were in deficit in 2000 and 2010, but they had the
carbon surplus in 2019. In terms of spatial distribution, we also
discovered that all cities in Qinghai province were in deficit, while
three cities in Yunnan province were in carbon surplus.

3.2 The Spatio-Temporal Pattern of the
Carbon Sequestration Service Flow
Network
According to the nodes and edges defined in Section 2.3.2, we
constructed a carbon sequestration service flow network, as
shown in Figure 6. A total of 37 nodes represented the
surplus or deficit status of carbon sequestration service. The
results showed that the number of carbon surplus nodes
decreased from 20 in 2000 to 15 in 2010, and then increased
to 18 in 2019. The number of deficit nodes increased from 17 in
2000 to 22 in 2010, and decreased to 19 in 2019 (Table 5).

In 2000, although there were 17 carbon deficit nodes, the
transmission of atmospheric circulation through the surrounding

FIGURE 3 | The carbon sequestration supply and demand from 2000
to 2019.
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areas kept the carbon sequestration service flow network intact to
a certain extent. However, as there was no excess carbon surplus
in the central region, a large number of interrupted edges existed
in the service flow network. In 2010, the number of interrupted
edges reached 14 and the severely damaged parts were

concentrated in the northeast of the Qinghai-Tibet Plateau. In
2019, despite the increase in carbon surplus nodes, the number of
interrupted edges still increased to 16, which showed that while
the shortage of carbon sequestration service in some cities has
lessened, it still has not had a positive impact on the entire region.

FIGURE 4 | The supply (A,B,C) and demand (D,E,F) of carbon sequestration service from 2000 to 2019 (CS: the supply of carbon sequestration service, CD: the
demand of carbon sequestration service).

FIGURE 5 | DSDC changes in all cities in 2000 (A), 2010 (B), 2019 (C).
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The network density of the service flow network dropped from
0.032 in 2000 to 0.022 in 2019. It could be seen that the shortage
of carbon sequestration service on the Qinghai-Tibet Plateau was
still getting worse and the connectivity of the service flow network
was declining.

3.3 The Drivers of Supply-Demand
Dynamics of Carbon Sequestration Service
We further analyzed the main drivers of the supply-demand
dynamics of carbon sequestration service on the Qinghai-Tibet

Plateau. The finding revealed that after 2000, the demand of
carbon sequestration service became the primary driving force
that determined the surplus and deficit of carbon sequestration
service in various cities, with its influence rising from 2000 to
2015. Specifically, the percentage of explanation (q value) for
carbon supply dropped from 0.536 in 2000 to 0.355 in 2019,
and the percentage of explanation (q value) for carbon
demand, as another explanatory variable, rose from 0.627 in
2000 to 0.926 in 2019 (Figure 7A). This demonstrated that the
demand for carbon sequestration service in cities continued to
exceed the supply.

FIGURE 6 | The carbon sequestration flow network in 2000 (A), 2010 (B), 2019 (C).

TABLE 5 | Overall characteristics of service flow network.

Year Surplus nodes Deficit nodes Flow edges No flow
edges

Network density

2000 20 17 43 2 0.032
2010 15 22 31 14 0.023
2019 16 21 29 16 0.022
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We then investigated the explanatory power of different
driving factors for the difference between the supply and
demand of carbon sequestration service, as shown in
Figure 7B. Notably, the factors varied in their ability to
explain the DSDC, with some factors having a large impact.
Additionally, an ecological detector was employed to identify
whether there were significant differences among the
influencing factors regarding the spatial distribution of
DSDC (Figure 8, p < 0.05). In 2000, Total output of beef
and mutton (GI) (0.525) and Population density (POP)
(0.262) had the highest explanatory power, implying that
grazing intensity and population density had remarkably
prominent impact on DSDC. The results from the ecological
detector demonstrated that grazing intensity had a considerably
different effect on DSDC than population density. In 2010, GI
(0.446) exerted a significant effect on DSDC. Total output of
crops (AI) (0.323) and Proportion of construction land (PCL)
(0.315) also affected the DSDC. In 2019, the explanatory power
of GI (0.401) has declined, but it was still the largest, followed by

AI (0.309) and Urban population ratio (UR) (0.213).
Furthermore, results from the ecological detector
demonstrated that the effects of urbanization rate and
proportion of construction land on DSDC were significantly
different from those of grazing intensity. The q value of grazing
intensity has been decreasing, indicating that the influence of
grazing intensity on the DSDC has lessened. The result could be
attributed to the high-quality development of animal husbandry
in recent years. In contrast, the q values of urbanization rate and
agricultural input had increasing trends, indicating that
urbanization and agricultural activities had increasing
impacts on DSDC. This meant that when evaluating carbon
sequestration service in the future, the impact of urban and
agricultural development must be taken into consideration.

Finally, we continued to analyze the explanatory power of the
interaction between the factors (Figure 9). According to
Figure 7B, the explanatory power of proportion of
construction land and urbanization rate in factor detection
were relatively low (q = 0.196 and 0.111, respectively).

FIGURE 7 | Percentage of explanation (q value) for supply and demand of carbon sequestration service (A); Percentage of explanation (q value) for each driving
factor in 2000, 2010 and 2019 (B) (UR: urbanization rate, GDP: gross domestic product per capita, POP: population density, AI: agricultural input, GI: grazing intensity,
PCL: proportion of construction land).

FIGURE 8 | The ecological detector results for driving factors in 2000 (A), 2010 (B), 2019 (C) (UR: urbanization rate, GDP: gross domestic product per capita, POP:
population density, AI: agricultural input, GI: grazing intensity, PCL: proportion of construction land).
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However, the interaction of urbanization rate with proportion of
construction land had stronger explanatory power, indicating
that proportion of construction land only had an important
influence on DSDC when there was a sufficient level of
urbanization development. The explanatory power of factor
interaction in 2010 was similar to that in 2000. In 2019, AI
and GDP, AI and POP, AI and PCL were found to enhance each
other to jointly affect the DSDC. Agricultural input, together with
economic development, population density, and the proportion
of construction land, have increased the driving force for DSDC.
The development of agriculture has surpassed that of animal
husbandry, which had a stronger impact on carbon sequestration
service and economic development.

4 DISCUSSION

4.1 The Implications for Management of
Carbon Sequestration Service
Carbon sequestration service is essential for maintaining the
sustainable development of humans and ecosystems (Liu et al.,
2018). In this study, we quantified the supply and demand of
carbon sequestration service on the Qinghai-Tibetan Plateau.
Based on our results, the supply increased slowly from 2000 to
2019, but the demand changed significantly (Figure 3). Especially
in 2019, the deficit of carbon sequestration service exceeded 20
million tons. If the supply and demand of carbon sequestration
service continues to develop at this trend in the following years,
we can infer that the deficit on the Qinghai-Tibetan Plateau will
be more serious. Therefore, this result illustrates the necessity of
strengthening management of carbon sequestration service.

For management of carbon sequestration service, we often
need to identify areas with high supply or demand, as well as areas
with deficit or surplus of carbon sequestration service, because it
is very important for policy making and resource allocation. The
supply of carbon sequestration service on the Qinghai-Tibetan
Plateau gradually decreased from southeast to northwest. The
regions where supply increased from 2000 to 2019 mainly

included Ngari, Hotan and eastern Qinghai-Tibetan Plateau
(Figure 4). It was not only related to the implementation of
‘returning farmland to forest and grassland’ policy, but also to the
remarkable achievements in soil erosion control (Bi et al., 2021;
Zinda et al., 2017). The regions with high demand of carbon
sequestration service on the Qinghai-Tibetan Plateau were
mainly characterized by intense human activities (Xiong et al.,
2021; Wang et al., 2022). For example, Xining and Haidong had
the largest demand of carbon sequestration service. Hotan and
Kashgar in Xinjiang had significant growth in demand (Figure 4).
Cities with more serious deficit from 2000 to 2019 were Shannan
and Yushu, while the difference between supply and demand of
carbon sequestration service has improved in Ganzi and Aba in
Sichuan province (Figure 5). This was primarily due to rich
ecological resources and policy conditions in northwest Sichuan
to play an important role in emission reduction and carbon
sequestration in recent years (Wang et al., 2017). In this study, we
constructed a carbon sequestration service flow network based on
the data of supply and demand of carbon sequestration service.
The results showed that the connectivity of the service flow
network has decreased since 2010 (Figure 6), especially on the
northeastern part of Qinghai-Tibetan Plateau. Our results can
help managers to identify the regions where carbon sequestration
service can’t meet the local demands, and thus develop strategies
to reduce emission and allocate resources. We can also found
from the results that some cities with deficits benefited from
surrounding cities with surpluses. Therefore, the carbon
sequestration service flow can help inform ecological
compensation policy (Voghera and Giudice, 2020; Zhai et al.,
2021).

The shortage of carbon sequestration service was a global
problem (Ghosh et al., 2022). Our analysis showed that after
2000 the demand has been the dominant driver determining the
surplus and deficit of carbon sequestration service and its influence
has been increasing (Figure 7A). In this case, it is an effective way to
reduce demand as much as possible and improve supply in key
areas. These nodes connected with interruption edges should be the
main areas of supply replenishment. In addition to increasing

FIGURE 9 | Percentage of explanation (q value) in interaction in 2000 (A), 2010 (B), 2019 (C) (UR: urbanization rate, GDP: gross domestic product per capita, POP:
population density, AI: agricultural input, GI: grazing intensity, PCL: proportion of construction land).
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supply, reducing consumption is another important aspect of
alleviating service shortages. Our results indicated that the
driving force effect of grazing intensity on the DSDC gradually
weakened (Figure 7B). This was primarily due to the policies
implemented in recent years, such as limiting and banning
grazing, returning grazing to grassland, and subsidizing
ecological rewards. The damage of grazing activities to grassland
has been limited to a certain extent (Wang et al., 2019). However,
the impact of agricultural activity has increased. In agricultural
activities, the transition from traditional agriculture to organic
agriculture is conducive to reducing the environmental impact of
carbon emissions. However, agricultural mechanization has
increased the amount of energy used, and seeding have also
produced resource consumption in the process of processing and
transportation, both of which has a considerable impact on carbon
emissions (Jiang et al., 2020). The impact of urbanization and
construction land has also increased (Figure 7B). The primary
reason for this was that in recent years, with the support of national
aid policies, the agglomeration effect of towns on the Qinghai-
Tibetan Plateau has been significantly improved, and the urban
infrastructure has been gradually improved, accompanied by the
transformation of other land use types into construction land,
which was bound to affect carbon sequestration service (van
Roon, 2012; Li et al., 2021a). We also found that the explanatory
power of the interaction between urbanization rate and proportion
of construction land exceeded that of the single factor (Figure 9).
The Qinghai-Tibetan Plateau had a vast territory but a small
population. Although the agglomeration effect of towns has
significantly increased, urbanization was still in its infancy, and
the construction land was still increasing (Tian et al., 2021).
Therefore, the following suggestions need to be noted. 1) In the
process of future urban construction and economic development,
ecological protection should be given priority and ecological
security barrier construction will continue to be promoted. 2)
The government should make rational plans for land use, and
rationally coordinate the use of ecological land, construction land,
agricultural land and other functional spaces. 3) The protection of
natural forest, grassland and wetland should be strengthened in key
areas where carbon sequestration service need to be improved.
Meanwhile, the ecological fragile areas affected by construction
activities should be restored by measures such as containment
protection.

4.2 Limitations and Prospects
Our study with the methodological provided theoretical evidence
and support in terms of carbon cycle optimization, planning, and
protection in other regions where were also experiencing rapid
urbanization. However, our study had also some limitations. To
begin with, due to a lack of data, this study only used NPP to
illustrate the supply of carbon sequestration service. Future research
will paymore attention to the completeness and accuracy of research
data. Second, the differences between and within the cities were
ignored when analyzing the driving forces. The specific driving
analysis should be refined to a county-level scale, accounting for the
various driving effects of carbon sequestration service flows between
cities. In addition, due to the limitations of the research method, this
study only considered carbon sequestration service flow within the

Qinghai-Tibet Plateau, and did not discuss carbon sequestration
service flow between the marginal counties of the study area and
outside the study area. In future research, we will focus on the service
flow both inside and outside the study region, as well as a more
thorough examination of spatial flow.

5 CONCLUSION

This study quantified the spatial difference between the supply
and demand of carbon sequestration service on the Qinghai-Tibet
Plateau, simulated the spatial flows of carbon sequestration
service and revealed the driving effects of various driving
factors on carbon sequestration service, which provided a new
idea for the optimization of ecosystem service flow and regional
carbon sequestration pattern. In the past 20 years, the demand of
carbon sequestration service on the Qinghai-Tibet Plateau has
greatly outpaced the supply, resulting in carbon deficits in most
cities. The spatial flow was considerably affected, and the density
of the carbon sequestration service flow network continued to
decline. The spatial disparity between the supply and demand of
carbon sequestration service was jointly influenced by a variety of
human activities. With the development of urbanization, the
influence of grazing has lessened, while the driving influence
of agriculture and urbanization rate has gradually increased. The
study of ecosystem service supply and demand is conducive to the
construction of regional ecological security pattern. Reasonable
simulations of ecosystem service flow can effectively alleviate the
obvious spatial dislocation between the unbalanced distribution
of natural resources and people’s consumption needs, so as to
focus on the deficit areas that require input of limited human and
material resources, and realize the optimal allocation of resources.
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Spatiotemporal Variation in Ecological
Risk on Water Yield Service via
Land-Use and Climate Change
Simulations: A Case Study of the
Ziwuling Mountainous Region, China
Tiantian Jin, Lingling Yan, Shimei Wang and Jie Gong*

Key Laboratory of Western China’s Environmental Systems (Ministry of Education), College of Earth and Environmental Sciences,
Lanzhou University, Lanzhou, China

Scientists have paid attention to assessing the change in ecosystem service risk under human
activities, yet few works have focused on the water yield risk induced by land-use and climate
change. In this study, a framework combining water yield with ecological risk for service
enhancement and human adaptation was established. The framework was applied to explore
the spatiotemporal variation in water yield service and its ecological risk via land-use and
climate change scenarios in the Ziwuling Mountainous Region (ZMR), China, using InVEST,
CA–Markov, and TOPSIS models. The water yield service decreased from 69.19mm in 1990
to 47.72mm in 2017 in the ZMR. Thewater yield service in the southeast ZMRwas larger than
that in the northwest. The water yield service risk was high and increased first, then decreased
from 1990 to 2017 in the ZMR. The high-risk and higher risk subareas were distributed in the
middle and north of the ZMR. The water yield service is the highest under the EC126 scenario
(48.09mm in 2050 and 43.73mm in 2100) and the lowest under the EP585 scenario
(43.52mm in 2050 and 40.62mm in 2100). The water yield service risk of the EP558 scenario
is the largest one, with an area ratio of the high risk of 83.95% in 2050 and 85.33% in 2100.We
suggest developing water-saving agriculture and high-efficiency industrial systems, as well as
ecological restoration and integrated forest social–ecological management for risk alleviation,
service enhancement, and sustainable development.

Keywords: water yield, spatiotemporal change, ecological risk, scenario analysis, InVEST model, TOPSIS model

1 INTRODUCTION

Global climate change, population explosion, and the unreasonable use of natural resources have
caused intense pressure and risks to the self-regulation and restoration ability of the ecosystem,
which will eventually lead to the loss and degradation of ecosystem services (ESs) (Zhou and Zhao,
2013; Li et al., 2019; Gacheno and Amare, 2021). Managing and avoiding ecological risks is an
essential prerequisite for achieving harmonious development between humankind and nature (Chen
F. et al., 2019). Ecosystem service and ecological risk assessment have become the focus of global
environmental change and sustainable development (Chen T. et al., 2019; Leal Filho et al., 2021). It is
helpful to ensure regional sustainable development by evaluating ecological risk scientifically and
formulating management policy to protect/restore the environmental system.
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Ecosystem services (ESs) are the natural conditions and
functions on which the formation of the ecosystem and
ecological process, and the maintenance of human survival
depend (Millennium Ecosystem Assessment, 2005; Costanza
et al., 2014). As a vital component of ESs, water yield service
plays an essential role in maintaining ecosystem stability and
human well-being to achieve the sustainable development
goals (SDGs) by the United Nations (e.g., SDG6: Clean
Water and Sanitation, SDG 15: Life on Land) (UN, 2015;
Bai et al., 2019; Wang et al., 2019; Dai and Wang, 2020).
On the one hand, water yield service directly affects human
well-being by providing adequate water for production and
living and plays a key role in its entertainment and esthetic
values (Sánchez-Canales et al., 2012). On the other hand, the
water yield service can indirectly affect the welfare of human
beings and the SDGs through the trade-off and synergistic
relationship with other services (UN, 2015; Ajaz et al., 2017). It
is of great significance to explore the spatiotemporal change of
water yield services and its influencing factors for rational
water resource use and sustainable development of the
ecosystem. The methods widely used for water yield service
evaluation include the InVEST (Integrated Valuation of
Ecosystem Services and Trade-offs Tools) model, the SCS
(Soil Conservation Service) model, and the SWAT (Soil and
Water Assessment Tool) model (Lv et al., 2015; Yang et al.,
2020). All these methods have their own advantages and
disadvantages. For example, the SCS model has a simple
structure, requires fewer parameters, and takes a long time
to apply (Liu et al., 2010; Zhang et al., 2021). However, it has
only one parameter and does not consider the time variable,
and the model accuracy is greatly affected by time variation.
The SWAT model has great computing capability and can
simulate continuously and efficiently (Choudhary and Athira,
2021). Still, it has high requirements on input parameters and
has great uncertainty of parameters, and it is difficult to obtain
long time-series data with low accuracy (Choudhary and
Athira, 2021; Aragaw and Mishra, 2022). The InVEST
model was widely used due to its advantages of few
parameters needed, low data required, and a wide
application range (Redhead et al., 2016; Yang et al., 2020).
Moreover, the input and output data are spatial raster forms,
which can show the spatial visualization of ESs (Liu Y. X. et al.,
2021). Furthermore, the results are precise and can directly
serve for natural resource protection and ecological
management. For example, Guerry et al. (2012) found that
the InVEST model is a useful tool to assess (i.e., map, model,
and value) multiple services provided by marine ecosystems.
Benra et al. (2021) found that the InVEST Seasonal Water
Yield Model (SWYM) performed well on the annual scale
rather than the monthly scale in southern Chile with a
potential for water ES assessments. Terrado et al. (2014)
found that the InVEST model could provide a more general
picture of ESs with easy accessibility to nonexperts and in a
spatially explicit manner in a humanized Lobregat River basin
in NE Spain. Ding et al. (2022) found that the InVEST model
worked well on water yield evaluation in the Qinghai Lake
Basin, China, with the simulation results close to the real

situation. Dai and Wang (2020) and Wang et al. (2020)
simulated the spatial distribution of water yield via the
InVEST model and conducted quantitative attribution
analysis for various geomorphologic and climatic zones in
the Hengduan Mountain Region via the geodetector
method. All these studies showed that the InVEST model
was an easy and a spatially explicit tool with high reliability
in evaluating water yield and spatial heterogeneity (Sharp et al.,
2020).

Ecological risk assessment evaluates the possibility of adverse
environmental effects that may occur or are occurring of the
exposed risk receptors (Liu et al., 2020). Previous ecological risk
assessment was mostly explored via the ecological entity
characteristics, such as point source threat and regional
landscape pattern change, and ignored the factors related to
human well-being (Chen F. et al., 2019). Moreover, the
ecological risk assessment combined with ESs mostly focuses
on theoretical analysis and conceptual models. There are few
studies that documented the ecological risk change via ES
evaluation, mainly due to the lack of risk characterization
methods based on ESs. More and more studies have begun to
integrate ESs into ecological risk evaluation and build an
ecological risk assessment framework based on ESs, which has
become one of the research hotspots (Gong et al., 2021; Qian
et al., 2022).

Some studies have shown that water yield service is affected
by climate change and land-use/cover change (LUCC) (Pan
et al., 2013; Sun et al., 2015; Xu et al., 2015, Xu X et al., 2016;
Mo et al., 2021; Pei et al., 2022). Climate change can affect
water yield service by changing the precipitation and
evapotranspiration (i.e., solar radiation, temperature, and
precipitation) (Legesse et al., 2003; Pei et al., 2022). LUCC
will influence the watershed water cycle, affect the
evapotranspiration, infiltration process, and water-holding
capacity, then impact the water yield service (Zhao et al.,
2019; Ge et al., 2020; Sharp et al., 2020). The impacts of
climate change and land use on the future water yield
service can be simulated via scenario analysis of the
ecological risks on the potential water yield to put forward
targeted management and control suggestions for regional
sustainable development. Currently, various methods are
applied to simulate trends of growth and changes in the
LUCC (Ghosh et al., 2017). Several studies have used
traditional models, such as cellular automaton (CA) models
and logistic regressions (Xu J. et al., 2016) to simulate and
predict future changes. Other studies apply integrated models
such as CA–Markov models (de Freitas et al., 2018) to obtain
precise and realistic results. Due to the advantage of the
integration of the geospatial and remote sensing data, and
biophysical and socioeconomic data for the accurate
simulation (Weng, 2002; Cunha et al., 2020), the
CA–Markov model is widely used to simulate land-use
changes (Hyandye and Martz, 2017; Maviza and Ahmed,
2020), including Zaria in Nigeria (Koko et al., 2020),
Baiyangdian Basin (Gao et al., 2021) and the Gaborone
Dam Catchment (Matlhodi et al., 2021), Hainan Island (Liu
Q. et al., 2021), the Majang Forest Biosphere Reserves of
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Gambella, Southwestern Ethiopia (Tadese et al., 2021), and
southwestern Iran (Marzieh et al., 2021). However, studies on
LUCC prediction and impacts on water yield service in the
Chinese Loess Plateau are still scarce and constrain
its management application for water yield and human
activities.

The Chinese Loess Plateau (CLP), a critical fragile
ecological area with many environmental issues, has
attracted much attention of scientists and governors. With
the combined impacts of climate change and human
socioeconomic activities, some environmental issues
increasingly occurred in the CLP. For example, Zhang et al.
(2022) found that the overall ecological vulnerability was
moderate to high in the CLP from 2000 to 2015, and their
area accounted for more than 60%. Fu et al. (2017) reported
that some local soil erosion had been successfully controlled in
the CLP, but the regional ecosystem remains fragile. Ensuring
its water ecological security is of great significance for the
sustainable development of the CLP. The Ziwuling
Mountainous Region (ZMR), the only entirely preserved
natural secondary forestry located in the hinterland of the
CLP (Li et al., 2011), plays an essential role in soil retention,
water conservation, and climate regulation. Meanwhile,
intensive human activities and the fast recovery of forests
and grassland have changed the local social–ecological
systems in the last decades. However, there are still a few
studies on the ecological risk of water yield service in the CLP.
More efforts are needed to face these challenges and to pay for
the harmonious development of humans and nature.

The main objective of this study was to propose and test a
methodological framework for assessing the water yield service
risk via scenario analysis of land-use and climate change. The
spatial–temporal change in water yield and ecological risk and the
potential trends were comprehensively analyzed using the ZMR

in the CLP as an example. Specifically, we aimed to: 1) develop an
ecological risk assessment framework by integrating water yield
service, and land-use and climate change; 2) discern the spatial
pattern and temporal change in water yield service, as well as the
ecological risk; 3) simulate the potential change in the water yield
service risk via land-use and climate change scenarios; and 4) put
forward management suggestion for water yield service and
human adaption to climate change.

2 METHOD AND STUDY AREA

2.1 Research Flowchart and Its Brief
Introduction
Figure 1 shows the research flowchart of the method used in
this study. Based on the land-use map, meteorological data,
digital elevation model (DEM), and geographic vector data, the
InVEST model is applied to evaluate water yield services in the
ZMR. Then, the TOPSIS model is used to assess the ecological
risks of water yield in the ZMR. The CA–Markov model was
used here to set different land-use and climate scenarios, to
compare the selected climate model data with the CMIP6
scenario model to predict the water yield services and its
risk under different climate and land-use scenarios in the
ZMR. Finally, we put forward some management
suggestions to alleviate the water yield service risk in the
future (Figure 1). Based on the CA–Markov module of the
IDRISI Selva 17 software, this study set three different
development scenarios of natural development, ecological
protection, and economic construction to simulate the
future land-use change. At the same time, this study applied
two extreme climate scenarios, the high forcing unsustainable
scenario (SSP5-8.5) and the sustainable low forcing scenario
(SSP1-2.6), to obtain the possible climate change range.

FIGURE 1 | Research flowchart.
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Finally, we predict the water yield service and their risk under
different climate and land-use scenarios in the future and put
forward some suggestions for water yield service risk control
and management (Figure 1).

2.2 Research Area
The Ziwuling Mountainous Region (ZMR) (34°40′–37°25′N,
107°30′–110°20′E) is referred to the Ziwuling National Nature
Reserve and its surrounding areas in this study (Figure 2). The
ZMR is located in the hinterland of the CLP (Figure 2), including
16 counties/districts, such as Huachi, Heshui, Ningxian,
Zhengning, Wuqi, Zhidan, Ansai, Baota, Ganquan, Fuxian,
Huangling, Yijun, Wangyi, Yintai, Yaozhou, and Xunyi. The
ZMR belongs to a temperate continental monsoon climate
with an elevation of 534–1,856 m. The annual average
temperature is about 7.4°C, and the average yearly
precipitation is 587 mm. The rainfall mainly occurred from
July to September, and the intensive rainstorm events often
lead to water and soil loss disasters.

The ZMR has a long history of human activities. Since the
Ming and Qing Dynasties, the vegetation has undergone a
succession of destruction, restoration, destruction, and
restoration cycle. The region is rich in natural resources
(such as coal, oil, and gas) and cultural tourism, with great
efforts in mining and development. Meanwhile, the population
and economic density keep growing, with the expansion of
urban and transportation construction land. Although
economic growth was promoted, it also resulted in natural
disturbance and environmental pressure. As the only entirely
preserved natural secondary forest in the CLP (Li et al., 2011),
the forest in the ZMR plays a vital role in water
conservation, climate regulation, and biodiversity (Sun,
2018). Therefore, ensuring ecological security in the ZMR is

of great significance to maintaining the sustainable
development of the CLP.

2.3 Data Resource and Data Processing
The land-use maps of 1990, 2000, 2010, and 2017 with a 30-m
spatial resolution were downloaded from the Chinese
Academy of Sciences (https://www.resdc.cn/). Land-use
types included farmland, forestland, grassland, water,
constructed land, and unused land according to the
“Chinese Classification Criteria of Current Land Use” (GB/
T21010-2017). The overall accuracies in 1990, 2000, 2010, and
2017 were all greater than 88%, which is acceptable for land-
use change analysis. The digital elevation model (DEM) data
with a spatial resolution of 30 m were obtained from the
Geospatial Data Cloud platform (http://www.gscloud.cn/),
which was used to extract the vector boundary of watershed
and subwatershed and obtain topographic factors. The data of
meteorological stations were obtained from the China
Meteorological Data Service Center (http://data.cma.cn/)
and the Chinese Academy of Sciences (https://www.resdc.
cn/). To avoid the impact of extreme meteorological events
on the study results, the annual average values of
meteorological data from 1981 to 1990, 1991 to2000, 2001
to 2010, and 2011 to 2017 were calculated, respectively. The
Anuspline, one of the professional meteorological
interpolation software, was used for spatial interpolation.
The processed meteorological data were used to estimate
rainfall erosivity factors and evapotranspiration potential.
Solar radiation data were obtained from the global
meteorological database (https://worldclim.org/data/). The
data are monthly grid data with a resolution of 1 km. After
downscaling and averaging, the annual-scale data with a 30-m
resolution were obtained to calculate the evapotranspiration

FIGURE 2 | Location of the Ziwuling Mountainous Region (ZMR) (A) and land-use map in 2017 (B).
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potential. Soil data were obtained from the Soil Information
System of China (http://www.issas.ac.cn/kxcb/zgtrxxxt/) to
estimate soil erodibility factor, soil depth, and maximum
root restriction depth. The data of the Scenario Model
Intercomparison Project (ScenarioMIP) in Coupled Model
Intercomparison Project Phase 6 (CMIP6) were obtained
from the website of the Earth System Grid Federation
(ESGF) (https://esgf-node.llnl.gov/projects/esgf-llnl/). The
prediction data were obtained from the National Climate
Center (Beijing Climate Center Climate System Model
version 1, BCC-CSM2-MR). More details on the data can be
found in Section 2.5.3.

2.4 Main Methods
2.4.1 Water Yield Service
The water yield service was calculated via the InVEST module.
The module integrates relevant parameters such as soil depth, soil
permeability, and root depth in the calculation process and
modifies them locally based on Budykoʼs hydrothermal
coupling balance principle (Wu et al., 2017). The InVEST
model has been widely used in water yield service studies of
different scales and regions due to its minor limitations on data
acquisition and strong visibility of results (Dai and Wang, 2020;
Li et al., 2020; Liu J. et al., 2021; Yang et al., 2020). The calculation
formulations are as follows:

Yx � (1 − AETx

Px
) × Px

AETx

Px
� 1 + ωxRx

1 + ωxRx + 1/Rx

Rx � kx × ET0

Px

ωx � Z
AWCx

Px
+ 1.25

AWCx � min(MaxSoil Depthx, Root Depthx ) × PAWCx

where Yx, AETx, and Px are the annual water yield (mm), actual
annual evapotranspiration (mm), and annual precipitation
(mm) at pixel x, respectively. Rx, Kx, and ET0 are the
dryness index, vegetation evapotranspiration coefficient, and
evapotranspiration potential at pixel x, respectively. ωx is a
linear function (dimensionless) affected by the precipitation
and soil properties. Z is the seasonal constant, which is 4 in this
study. AWCx is the available volumetric water content (mm) of
plants, Max Soil Depthx, Root Depthx, and PAWCx are the
maximum depth of soil, the maximum root depth of
vegetation-covered land, and the available volumetric water
content of the plants, respectively.

2.4.2 Ecological Risk Assessment Based on
Ecosystem Services
The TOPSIS model (Technique for Order Preference by
Similarity to an Ideal Solution) is a nonlinear evaluation
method, and its evaluation value can reflect the advantages
and disadvantages of the evaluation object (Yu et al., 2020).
The TOPSIS model can effectively use the original data and

accurately reflect the gap between the evaluated objects. As there
are no special requirements for the data distribution,
indicators, and sample number of evaluation indicators, the
TOPSIS model is flexible and widely used, for example, in
urban land resource evaluation, regional water resource
assessment, and cost scheme decision-making (Dehdasht et al.,
2020).

Based on the TOPSIS model, this study constructed an
ecological risk assessment model based on ESs in the ZMR.
The basic principles are as follows: Firstly, the sample units
with the maximum and minimum ESs at grids or polygons in
a certain space were selected as the positive ideal sample points
and negative ideal sample points, respectively. The ES value at the
positive ideal sample points was considered as the risk threshold.
The Euclidean distance of the positive and negative sample points
was used to represent the maximum loss of regional ESs. Then,
the ecological risk index was calculated, which is the ratio
between the Euclidean distance of the positive ideal sample
point and the maximum loss of ESs at each unit in
space. More details on the ecological risk assessment are
shown below.

(1) Normalization of the ecosystem services: The maximum and
minimum normalization method was used to linearly
transform the original values of various ESs to eliminate
the impact of data dimension and magnitude on the data.

rij � ESmax j − ESij
ESmax j−ESmin j

where rij is the normalized value of j ecosystem service at pixel i,
ESij is the value of j ecosystem service at pixel i, and ESmax j and
ESmin j are the maximum and the minimum pixels of j ecosystem
service.

(2) Identification of the positive ideal sample points and negative
ideal sample points:

y+ � [rmax  j−1 rmax  j−2 / rmax  j−n]

y− � [rmin  j−1 rmin  j−2 / rmin  j−n]

where y+ is the set of positive ideal samples, which are the sample
units with the normalized maximum value of various ESs; y- is the
set of negative ideal samples, which are the sample units with the
normalized minimum value of various ESs; and rmax j and rmin j

are the normalized maximum value and the normalized
minimum value of j ES in the study area.

(3) Calculation of the degree of ecosystem service loss:

S+i �
															

∑
n

j�1
(rmax j−1 − rij)

2

√√

S+max �
																		

∑
n

j�1
(rmax j−1 − rmin j−1)

2

√√
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where Si
+ is the Euclidean distance between pixel i and the

positive ideal sample, and the larger its value, the larger the
ecological risk; and S+max is the Euclidean distance between the
positive ideal sample and the negative ideal sample, indicating the
loss of ESs in a certain area.

(4) Calculation of ecological risk index:

ESRi � S+i
S+max

where ESRi is the comprehensive ecological risk index at pixel i,
and its value is between 0 and 1. The value 1 represents the
maximum relative loss of ESs and the highest ecological risk, and
the value 0 represents the minimum relative loss of ESs and the
lowest ecological risk.

(5) Ecological risk grade classification: Considering the fairness
of the ecological risk time-series analysis process and the
consistency of risk classification standards, the equal interval
classification method was applied to classify the ecological
risk in different periods. The ecological risk in the study area
was divided into five levels: the low risk (0–0.2), lower risk
(0.2–0.4), medium risk (0.4–0.6), higher risk (0.6–0.8), and
high risk (0.8–1).

2.5 Scenario Simulation of the Land-Use
and Climate Change
The CA–Markov model and Scenario Model Intercomparison
Project (ScenarioMIP) were used to set different scenarios on
climate and land-use change to predict the ecological risk of the
ZMR in 2050 and 2100, respectively.

2.5.1 Land-Use Scenario Simulation Based on the
CA–Markov Model
Based on the CA–Markov module of the IDRISI Selva 17
software, this study set three different scenarios of natural
development, ecological protection, and economic
development (Table 1) to simulate future land-use change. A

brief introduction of the three scenarios on land-use simulation is
shown in Table 1.

2.5.2 Accuracy Test of Land-Use Simulation Results
The simulated and the actual land-use maps in the study area
were cross-checked, and the accuracy of the simulation results
was obtained. Using the CROSSTAB tool under IDRISI Selva 17
software in GIS analysis, the simulated land-use raster map and
the actual land-use map in 2017 were input to test and calculate
the kappa coefficients and the overall kappa of the land-use types,
respectively. The kappa value is calculated using the following
formula:

Kappa � Po − Pc

Pp − Pc
(Po � n1

n
, Pc � 1

N
)

where n is the total number of land-use pixels, n1 is the number of
correct pixels for the simulation, N is the number of all land-use
types, Po is the proportion of correct pixels for the simulation, Pc
is the proportion of pixels expected to be simulated correctly, and
Pp is the proportion of correct pixels for the simulation under the
ideal conditions. The kappa coefficient of all land-use types was
greater than 0.5, and the overall simulation accuracy was high,
with a Kappa coefficient of 0.937.

2.5.3 Climate Scenario Simulation Based on the
CMIP6
Based on the climate model data of the Scenario Model
Intercomparison Project (ScenarioMIP) in the Coupled Model
Intercomparison Project Phase 6 (CMIP6), this study simulated
and forecasted the future climate in the ZMR. The climate
prediction scenario of the ScenarioMIP is a rectangular
combination of different SSPs and the radiative forcing
(representative concentration pathway, RCP) (Zhang et al.,
2019). SSPs (the shared social–economic pathways) described
the possible development of society in the future without the
impact of climate change or climate policies, including SSP1,
SSP2, SSP3, SSP4, and SSP5, which represented five different
paths of sustainable development, moderate development, local
development, unbalanced development, and conventional
development, respectively (Fujimori et al., 2014; Weng et al.,

TABLE 1 | Brief introduction of the three scenarios on land-use simulation.

Land-use
scenarios

Scenario descriptions Scenario setting methods

Natural
development

This scenario assumes that the land-use change trend remains the
same as before (2010–2017)

The local landscapes continue to evolve naturally according to the previous
period’s development speed and spatial layout

Ecological
protection

This scenario emphasizes environmental protection and limits human
socioeconomic construction activities

The transfer probability of forests, grasslands, and water to urban settlement,
rural settlement, and transportation lands was set as 0, and the transfer
probability of other lands to forests, grasslands, and water is increased by
20%. At the same time, the shady slope and sunny slope farmlands in which
the slopes are larger than 15° should be returned to forests and grasslands,
respectively

Economic
construction

This scenario focuses more on regional economic development, and
ecological protection will pay less

The transfer probability of other lands to urban settlement, rural settlement,
and transportation lands is increased by 30%, respectively, and urban
payment, rural payment, and transportation lands are made into buffer zones
within 300, 30, and 30 m, respectively, as a suitable development zone
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2020). In CMIP5, there were four emission scenarios, including
the RCP2.6, RCP4.5, RCP6.0, and RCP8.5. It meant that the
radiation forcing would be stable at about 2.6 W/m2, 4.5W/m2,
6.0 W/m2, and 8.5 W/m2, respectively, by 2100. On this basis, the
CMIP6 added three new RCPs, including RCP7.0, RCP3.4, and
RCPs below 2.6 to fill the gap between CMIP5 RCPs. A new
climate prediction scenario based on the integrated assessment
model (IAM) (Chen, 2021), the SSP1-2.6 updated RCP2.6
scenario, shows the combined effects of the low radiation
forcing, low vulnerability, and low mitigation pressure. This
scenario predicted that by 2100, the multimode average value
of global warming would be significantly lower than 2°C. By
analogy, SSP2-4.5, SSP3-7.0, and SSP5-8.5, respectively,
represented medium, medium to high, and high levels of
development, with medium, higher, and high levels of
radiation forcing and vulnerability.

In this study, two extreme climate scenarios, the high forcing
unsustainable scenario (SSP5-8.5) and the sustainable low forcing
scenario (SSP1-2.6), were used to obtain the possible climate
change range in the ZMR, to clarify the possible impact range of
climate change on ESs.

The panoply software provided by NASAʼs official website
(http://www.giss.nasa.gov/tools/panoply) was to read file
metadata information and was run in the MATLAB
software to decompress and read the NC file. Finally, we
obtained the required meteorological data through a series
of grid calculations and correlation analysis in the ArcGIS
software. As the resolution of the obtained data is only 100 km,
referring to relevant studies (Martinez-Harms et al., 2017; Lv,
2019), the change values of various climate elements in the
study area from 2017 to 2050 and 2017 to 2100 under the high
forcing unsustainable scenarios (SSP5-8.5) and sustainable low
forcing scenarios (SSP1-2.6) were calculated, respectively.
Then, based on the actual meteorological data of the ZMR

in 2017, the change values of climate elements in the ZMR in
2050 and 2100 were obtained (Table 2).

2.5.4 Land-Use and Climate Scenario
Setting
Based on the CA–Markov module of the IDRISI selva17 software,
this study set three scenarios of natural development, ecological
protection, and economic construction to simulate the future land-
use change in the ZMR. Six development scenarios were generated
based on three land-use change scenarios and the two climate paths
SSP1-2.6 and SSP5-8.5 of the CMIP6 ScenarioMIP to assess the
ecological risks in the ZMR under different scenarios (Table 3).

3 RESULTS

3.1 Spatiotemporal Variation in Water Yield
Service in the ZMR From 1990 to 2017
The water yield service in the ZMR decreased from 1990 to 2017
(Figure 3), with an average annual rate of -0.79 mm. Water yield
service in the ZMR was 69.19 mm in 1990, the highest one in the
study period, mainly affected by precipitation and
evapotranspiration potential. The average rainfall was high
(562.85 mm), and the evapotranspiration potential was the
lowest (828.04 mm) in 1990. Water yield service in the ZMR
was 19.98, 31.32, and 47.72 mm in 2000, 2010, and 2017, showing
an increasing trend. The precipitation in 2000 was the lowest
(502.34 mm), and the evapotranspiration potential was the
highest (1016.25 mm), and the actual water yield service
decreased in 2000. Then, the water yield service increased
after 2000.

The water yield service in the southeast ZMR was larger than
that in the northwest. The subareas with high value were mainly

TABLE 2 | Change values of climate elements in the ZMR under SSP1-2.6 and SSP5-8.5 scenarios in 2050 and 2100.

Year Precipitation (mm) Average temperature
(°C)

Average minimum
temperature (°C)

Average maximum
temperature (°C)

SSP1-2.6 2050 +0.920 +0.518 +0.241 +0.439
2100 +1.554 +1.392 +0.527 +0.755

SSP5-8.5 2050 +1.604 +1.021 +0.479 +0.638
2100 +2.349 +2.876 +1.107 +1.985

TABLE 3 | Land-use and climate scenario settings.

Comprehensive scenarios Land-use scenarios Climate scenarios

ND126 Natural development (ND) SSP1-2.6
ND585 Natural development (ND) SSP5-8.5
EP126 Ecological protection (EP) SSP1-2.6
EP585 Ecological protection (EP) SSP5-8.5
EC126 Economic construction (EC) SSP1-2.6
EC585 Economic construction (EC) SSP5-8.5

Note: ND, EP, and EC represent the natural development scenario, ecological protection scenario, and economic construction scenario of land use, respectively.
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located in the southeast ZMR, especially in Huangling, Yijun,
Yintai, Wangyi, Yaozhou, Xunyi, and Zhengning, with more
precipitation, lower evapotranspiration, more water surplus,
and higher water yield service. The subareas with low value
were mainly located in the northwest ZMR, especially in
Wuqi, Zhidan, Ansai, and Huachi (Figure 3), with a drier
climate, greater evaporation, and less water yield service.

3.2 Spatiotemporal Variation in the Water
Yield Service Risk in the ZMR From 1990 to
2017
The risk level of water yield service in the ZMR first increased and
then decreased from 1990 to 2017, mainly belonging to the high-
risk level (Figure 4). The areal ratio of the high-risk subareas in
the ZMR was the largest one in 1990, 2000, 2010, and 2017,
accounting for 72.70%, 86.65%, 83.06%, and 83.01%, respectively
(Figure 4). The areal ratio of the low-risk subareas was the

smallest one (Figure 4), accounting for 2.36%, 0.27%, 0.41%,
and 0.83%, respectively. The areal ratios of the lower, medium,
and higher risk subareas of water yield service in the ZMR were
5.20%, 10.42%, and 9.32% in 1990. Compared with 1990, the areal
ratios of the lower, medium, and higher risk subareas of water
yield service in the ZMR decreased in 2000, increased in 2010, and
then increased in 2017.

The spatial distribution pattern of water yield service risk in
the ZMRwas found to have no apparent changes during the study
period (Figure 4). However, the subareas with high and higher
risk were mainly concentrated in the middle and north ZMR,
especially in Wuqi, Zhidan, Ansai, Baota, Huachi, Ganquan,
Heshui, and Fuxian. The spatial distribution of the subareas of
the lower and low risk was mainly located in the southern ZMR,
such as Huangling, Xunyi, Yaozhou, Yintai, and Yijun. The
subareas of high risk of water yield service were expanded to
the south ZMR, and the subareas of low risk continued to
decrease from 1990 to 2017.

FIGURE 3 | Spatiotemporal variation in water yield service in the ZMR from 1990 to 2017.

FIGURE 4 | Spatiotemporal variation in the water yield service risk in the ZMR from 1990 to 2017.
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3.3 Scenario Simulations of the Water Yield
Service Risk Based on Land-Use and
Climate Change
3.3.1 Spatial Variation in Water Yield Service in the
ZMR Under Different Scenarios in 2050 and 2100

There are apparent differences in water yield service in the ZMR

under different land-use and climate scenarios (Figure 5). The
water yield service in 2100 under different land-use and climate
scenarios is lower than in 2050, with a similar overall pattern
(Figure 5). Under the SSP1-2.6 climate scenario, the water yield
service in the ZMR was 48.09 mm, 47.31 mm, and 46.46 mm
under economic construction (EC), natural development (ND),
and ecological protection (EP) land-use scenarios in 2050,
respectively (Figures 5A–C), and it was 43.73 mm, 42.86 mm,
and 41.91 mm under EC, ND, and EP, in 2100, respectively
(Figures 5G–I). Under the SSP5-8.5 climate scenario, the
water yield service in the ZMR was 45.11 mm (EC), 44.36 mm
(ND), and 43.52 mm (EP) in 2050 (Figures 5D–F), and it was
42.41 mm (EC), 41.57 mm (ND), and 40.62 mm (EP) in 2100
(Figures 5J–L). In conclusion, the variation pattern of water yield
service under different climate scenarios is the EP scenario > the
ND scenario > the EC scenario. The water yield service is the
highest one of the EC126 (48.09 mm in 2050 and 43.73 mm in
2100) and the lowest of the EP585 (43.52 mm in 2050 and
40.62 mm in 2100). Under the same land-use scenario, the
water yield service of the SSP1-2.6 climate scenario is higher
than that of SSP5-8.5.

The spatial distribution pattern of water yield service under
different scenarios decreases from the southeast to the northwest

in the ZMR in 2050 and 2100 (Figure 5). The water yield service
in the ZMR is generally low except for a small part of the ZMR,
with apparent spatial distribution differences. The subareas with a
high value are mainly located in the southeast of the ZMR, such as
Huangling, Yijun, Yintai, Wangyi, Yaozhou, Xunyi, and
Zhengning. The subareas with a low value are mainly located
in the northwest of the ZMR, such as Wuqi, Zhidan, Ansai, and
Huachi (Figure 5).

3.3.2 Spatial Variation in Water Yield Service Risk in
the ZMR Under Different Scenarios in 2050 and 2100
The water yield service risk in the ZMR in 2100 is larger than in
2050. Under the SSP1-2.6 climate scenario in 2050 and 2100, the
areal ratio of the high-risk subareas of water yield service in the
ZMR accounts for 83% and 84%, respectively, followed by the
higher and medium-risk, the lower risk, and low-risk subareas
(Figure 6A–C, G–I). Under the EP scenario, the areal ratio of the
high-risk and higher risk subareas is 90.86% and 91.73% of the
ZMR, respectively (Figures 6B,H). Under the ND scenario, the
areal ratio of the high-risk and higher risk subareas is 90.77% and
91.68%, respectively (Figures 6A,G). Under the EC scenario, the
areal ratio of the high-risk and higher risk subareas is 90.57% and
91.49%, respectively (Figures 6C,I). On the contrary, the areal
ratio of the low-risk and lower risk subareas is the largest one,
3.74% in 2050 and 3.10% in 2100 under the EC scenario, followed
by the ND scenario (3.65% in 2050 and 3.04% in 2100) and the EP
scenario (3.62% in 2050 and 3.03% in 2100).

The water yield service risk of the ZMR under the SSP5-8.5
climate scenario in 2050 and 2100 is slightly higher than that
under the SSP1-2.6 climate scenario (Figure 6). Under the EP
scenario, the areal ratio of high-risk and higher risk subareas is

FIGURE 5 | Spatial variation in water yield service in the ZMR under different scenarios in 2050 (A–F) and 2100 (G–L). Note: ND-the natural development scenario
of land use, EP-the ecological protection scenario of land use, EC-the economic construction scenario of land use, 126-climate paths SSP1-2.6, 585-climate paths
SSP5-8.5.
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91.48% and 92.04% of the ZMR, respectively (Figures 6E,K).
Under the ND scenario, the areal ratio of high-risk and higher
risk subareas is 91.39% and 91.99%, respectively (Figures 6D,J).
Under the EC scenario, the water yield service risk is the
lowest one, and the areal ratio of high-risk and higher risk
subareas is 91.19% and 91.81%, respectively (Figure 6F,L). On
the contrary, the areal ratio of the low-risk and lower risk
subareas is the largest one (3.29% in 2050 and 2.92% in 2100)
under the EC scenario, followed by the NP scenario (3.20% in
2050 and 2.88% in 2100) and the EP scenario (3.18% in 2050 and
2.87% in 2100).

The variation in the water yield service risk under the SSP5-8.5
and SSP1-2.6 climate scenarios is the same in 2050 and 2100, the
EC scenario < the ND scenario < the EP scenario. The water yield
service risk is the lowest of the EC126 scenario, the areal ratio of
the high-risk subareas is the largest one (82.78% in 2050 and
84.22% in 2100), and the areal ratio of the low-risk and lower risk
subareas is 3.74% and 3.10%, respectively. The water yield service
risk is the largest of the EP558 scenario, the areal ratio of the high-
risk subareas is the largest one (83.95% in 2050 and 85.33% in
2100), and the areal ratio of the low-risk and lower risk is 3.18%
and 2.87%, respectively (Figure 6). The spatial distribution
pattern of the water yield service risk in the ZMR is almost
the same in 2050 and 2100 (Figure 6). The subareas with high-
risk and higher risk are mainly located in the middle and north of
the ZMR, such as Wuqi, Zhidan, Ansai, Baota, Huachi, Ganquan,
Heshui, and Fuxian. The spatial distribution with the low-risk
and lower risk subareas is mainly distributed in the intersection of
Huangling, Xunyi, Yaozhou, Yintai, and Yijun in the south ZMR
(Figure 6).

4 DISCUSSION

4.1 Spatiotemporal Variation in Water Yield
Service in the ZMR
This study found that the water yield service in the ZMR
decreased from 1990 to 2017 with a water yield of 69.19,
19.98, 31.32, and 47.72 mm, in 1990, 2000, 2010, and 2017,
respectively. The results are consistent with Zhuang (2020)
findings on the Loess Plateau; for example, Zhuang (2020)
found that the water yield service on the Loess Plateau in
1990, 2000, 2010, and 2015 was 122.41, 68.55, 87.59, and
95.85 mm, respectively, among which the water yield service in
1990 was the highest one. Meanwhile, water yield service is
affected by climate change and land-use/cover change (Pan
et al., 2013; Sun et al., 2015; Xu et al., 2015, Xu X et al., 2016;
Mo et al., 2021; Pei et al., 2022). Climate change can affect water
yield service by changing rainfall and evapotranspiration
potential (Legesse et al., 2003; Pei et al., 2022). Co-affected by
the precipitation and evapotranspiration potential, the average
precipitation in the ZMR was high (562.85 mm), and the
evapotranspiration potential was the lowest (828.04 mm) in
1990. The precipitation was the lowest (502.34 mm), the
evapotranspiration potential was the highest (1016.25 mm),
and the actual water yield service decreased in 2000.
Moreover, Gao et al. (2016) found that increasing constructed
land will increase water yield. Constructed land expansion often
increases the area of impervious water surface, changes the water
balance, reduces precipitation infiltration, increases runoff, and
improves the regional water yield (Lang et al., 2017; Pei et al.,
2022). Furthermore, Dou et al. (2019) found that the water yield

FIGURE 6 | Spatial variation in the water yield service risk in the ZMR under different scenarios in 2050 (A–F) and 2100 (G–L). Note: ND-the natural development
scenario of land use, EP-the ecological protection scenario of land use, EC-the economic construction scenario of land use, 126-climate paths SSP1-2.6, 585-climate
paths SSP5-8.5.
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of the constructed land and farmland is higher due to the impact
of climate change and land-use/cover change, while the water
yield of forests, shrubs, and grasslands is lower. The
evapotranspiration of farmland is similar to that of forest and
grassland, but the water infiltration is less than that of forests and
grasslands, so the water yield in farmland is higher than that of
forest and grassland. Forests and grasslands trap more surface
runoff, increase soil infiltration and evapotranspiration, and
control precipitation regulation, resulting in lower water yield
(Pei et al., 2022). Thus, returning farmlands to forests and
grasslands will reduce water yield service.

Our study found that the area of the building land, forest, and
grassland in the ZMR increased by 181.84, 549.28, and
785.53 km2, respectively, while farmland decreased by
1520.32 km2 from 1990 to 2017. Meanwhile, the decrease in
farmland area and the increase in forest and grassland caused
the reduction in water yield service in the ZMR. The simulation of
water yield service in the ZMR under different land-use and
climate scenarios showed that under the SSP1-2.6 climate
scenario in 2050 and 2100, the water yield service in the ZMR
was 48.09 and 43.73 mm (EC), 47.31 and 42.86 mm (ND), and
46.46 and 41.91 mm (EP). Under the SSP5-8.5 climate scenario in
2050 and 2100, the water yield service in the ZMR was 45.11 and
42.41 mm (EC), 43.52 and 41.57 mm (ND), and 46.46 and
40.62 mm (EP). The variation pattern of water yield under
different climate scenarios was consistent as the EC scenario >
the ND scenario > the EP scenario. The water yield service was
the highest under the EC126 scenario (48.09 mm in 2050 and
43.73 mm in 2100) and the lowest under the EP585 scenario
(43.52 mm in 2050 and 40.62 mm in 2100). This may be due to
the change in land-use types in the EP scenario; that is, compared
with the ND scenario and EC scenario, the conversion probability
of other lands into forests and grasslands has increased by 20%,
which increases the evapotranspiration, and results in water yield
service reduction in the ZMR.

4.2 Spatiotemporal Variation in the Water
Yield Service Risk and Its Management
Strategies for Ecological Risk Alleviation
Water yield risk in the ZMR increased first and then decreased
from 1990 to 2017. The areal ratio of high-risk subareas in the
ZMR was the largest. The simulation of different land-use and
climate scenarios indicated that the risk of water yield service in
the ZMR is higher in 2050 than that under the SSP1-2.6 climate
scenarios in 2100, and they mainly belong to high-risk areas. The
spatial distribution pattern of water yield service risk in the ZMR
was found to have no apparent differences in 2050 and 2100. The
high-risk and higher risk subareas were mainly distributed in the
middle and north ZMR, especially inWuqi, Zhidan, Ansai, Baota,
Huachi, Ganquan, Heshui, and Fuxian, with oil and gas
exploitation in the north ZMR. Therefore, the following
methods on “open source” and “reduce expenditure” should
be applied to reduce the water resource gap and develop a
water-saving society in the ZMR: strengthen the protection of
the water sources of the Ju River, Malian River, Silang River,
Malan River, and Shichuan River in the ZMR, strictly prevent

pollution and the excessive use of water sources, and prevent
further degradation of water sources. Moreover, the following
water-saving production methods and industrial modes are
recommended to avoid unnecessary drainage and overflow to
increase the recycling of the limited water resources: enhance and
improve the construction of sewage treatment infrastructure.
Regional environmental protection should strengthen the
supervision and punishment of industrial sewage discharge
and purification treatment, to promote the recycling of water
resources; make reasonable planning to harvest water and
regulate flood, to achieve the storage and backflow of
rainwater to reduce evaporation loss, and to develop modern
and high-efficient agriculture; optimize the planting structure and
selection of the water-saving crops of wheat, corn, millet, beans,
and buckwheat, to adopt water-saving irrigation methods such
drip, sprinkler, and under-film irrigation for high water efficiency
in agricultural production; carry out environmental education
consistently to enhance residents’ awareness of water
conservation and ecological protection. Only if these suggestions
andmanagement strategies have beenwell implemented, the risk of
water yield would decrease and the ecological quality and
ecosystem service would be enhanced and improved for the
human well-being and sustainable development in the Chinese
Loess Plateau and other similar mountainous areas.

4.3 Limitations and Outlook
Our work would be of value for regional ES risk control and
human governance, such as the analytical framework, method
and data, scenario simulation, risk management, and human
adaptation. However, although major progress in ecological risk
assessment, water yield valuation, and technology has been made
recently, ES risk mapping and forecast, especially by using the
land-use change model (i.e., CA–Markov model) and climate
change models (i.e., the Scenario Model Intercomparison Project,
ScenarioMIP; and the Coupled Model Intercomparison Project
Phase 6, CMIP6), are still facing significant challenges due to data
quality, availability, completeness, and uniformity (Yan, 2021;
Gong et al., 2022), especially for the poor and fragile areas that
lack basic and monitoring data. These factors will result in some
errors and uncertainty. Therefore, the methods need to be further
modified as experience and applications increase (Yan, 2021;
Gong et al., 2022). In addition, the InVEST model is widely used
for service evaluation and mapping with the advantages of few
parameters, low data requirements and spatial visualization
(Redhead et al., 2016; Yang et al., 2020; Liu J. et al., 2021).
The results are precise and focused, and they can directly serve the
local natural resource protection and ecological management.
However, there are great differences in natural systems such as the
temperature and precipitation, as well as human activities, due to
the large north–south span of the ZMR. The water yield service risk
was based on the maximum loss threshold of ESs, which may
enlarge the risk level of low-value subareas of water yield service.
More efforts are needed to calibrate the model parameters (i.e., the
InVEST, TOPSIS, CA–Markov, and the ScenarioMIP) based on
the natural ecological and socioeconomic conditions to improve
the assessment accuracy. Meanwhile, this study does not consider
the trade-off or synergy between water production services and
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other ESs, which may improve or reduce the risk level of this
service. In future research, more efforts are suggested to analyze a
variety of ESs and comprehensively evaluate the ecological risk
level of the study area.

5 CONCLUSIONS

Ecological risk assessment and management are of great
significance for human well-being and sustainable development.
In this study, we established a framework combining water yield
with ecological risk for service enhancement and human
adaptation. The spatiotemporal variation in water yield service
and its ecological risk was explored via land-use and climate
change simulations using InVEST, CA–Markov, and TOPSIS
models. The analytical framework can comprehensively evaluate
water yield service risk of land-use planning and climate change
scenarios on the complex forest social–ecological systems, and
services for risk control and service improvement.

The water yield service in the ZMR decreased from 1990 to
2017, with an average annual rate of -0.79 mm. Water yield
service in the ZMR was 69.19, 19.98, 31.32, and 47.72 mm in
1990, 2000, 2010, and 2017, respectively. Water yield service value
was the highest in 1990 and the lowest in 2000, and it differed
significantly between 1990 and 2000. Water yield service in the
southeast ZMR was larger than that in the northwest. Water yield
service risk increased first, then decreased from 1990 to 2017 in
the ZMR, mainly belonging to a high ecological risk level. The
subareas of high and higher risk were mainly concentrated in the
middle and north ZMR.

There are differences in water yield service under different land-
use and climate scenarios in the ZMR. The water yield service in
2100 under different land-use and climate scenarios is lower than
in 2050. The water yield service is the highest of the EC126
(48.09mm in 2050 and 43.73 mm in 2100) and the lowest of
the EP585 (43.52mm in 2050 and 40.62 mm in 2100). Under the
same land-use scenario, the water yield service of the SSP1-2.6
climate scenario is higher than that of the SSP5-8.5 climate
scenario. Under different scenarios, the water yield service will
decrease from the southeast to the northwest, and the subareas of
high water yield service were mainly located in the southeast of the

ZMR in 2050 and 2100. The water yield service risk in the ZMR in
2100 is larger than in 2050. The variation pattern of water yield
service risk under SSP5-8.5 and SSP1-2.6 in 2050 and 2100 is the
EC scenario < the ND scenario < the EP scenario. The water yield
service risk of the EC126 scenario is the lowest one, and the SP558
scenario is the largest one in 2050 and 2100. The subareas of the
high and higher risk are mainly located in the middle and north
ZMR in 2050 and 2100. Developing water-saving agriculture and
high-efficiency industrial systems, as well as ecological restoration
and integrated forest landscape management, will be helpful for
risk control and service enhancement, especially in mountainous
areas with fragile environments and limited water resources.
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The surface net radiation as an important component of the surface radiation budget
has attracted wide attention; however, it is still an enormous challenge to carry out an
accurate estimation of the surface net radiation in areas with complex terrain due to the
scarcity of radiation observation sites and high-spatial heterogeneity of the influencing
factors of the surface net radiation. Taking the Haihe River Basin as the study area, this
study estimated the surface net radiation under clear-sky conditions from 2001∼2019
based on an improved algorithm of the net long-wave radiation, and the solar short-
wave radiation in terms of direct radiation, diffuse sky radiation, and reflected radiation
from the surrounding terrain. In this study, the regional meteorological factors were
inverted based on remote sensing data to make up for the deficiency of meteorological
factor interpolation. The solar short-wave radiation was corrected by considering the
comprehensive influence of the atmosphere, underlying surface, and terrain, and the net
long-wave radiation was optimized by localizing the algorithm coefficients. The results
showed the correlation coefficient between the estimated and observed surface net
radiation reached approximately 0.9, indicating the accuracy of this improved method is
acceptable. Besides, the results suggested the surface net radiation was significantly
influenced by the terrain, the highest value of which occurred on the south slope,
followed by that on the southwest slope, west or southeast slopes, and the lowest value
occurred on the north slope. In addition, there was the highest surface net radiation in
summer, and there was the lowest and most frequently negative surface net radiation in
winter. This study makes up for the shortcomings of the traditional spatial interpolation
of meteorological factors and previous empirical formulas, and can therefore provide an
important methodological foundation for the research on the surface radiation, climate,
and hydrology in the areas with complex terrain.
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INTRODUCTION

The surface net radiation as an important component of the
surface radiation balance serves as an important driver of
regional and even global climate change (Gui et al., 2010;
Gharekhan et al., 2022). The climate change in recent decades
has inevitably affected the structure and function of ecosystems
on the earth, leading to a series of ecological problems, such
as the ecosystem imbalance, increased droughts, decreased plant
productivity, and species population reduction (Li et al., 2022).
The surface net radiation plays an important role in maintaining
the surface water–heat balance, which is of great importance to
understanding the evolution, structure, and spatial distribution
of ecosystems, and it has raised considerable attention in the
fields of ecology, agriculture, and water conservation (Jia et al.,
2018). A series of surface radiation observation networks and
sites have been globally established since the 1950s, but still
failed to meet the need for relevant research in the fields of
climate, hydrology, and ecology due to the uneven distribution of
surface radiation observation sites, especially in complex terrain
areas (Gui, 2010). The development of remote sensing technology
since the 1960s has provided an innovative approach for the
estimation of regional net surface radiation (Hallikainen and
Kirimoto, 2008). The remote sensing technology can obtain
the large-area and continuous observation data, which can
effectively overcome the difficulty of assimilating data from
sparse ground stations to a large spatial area (Zhang et al.,
2019). There have been a variety of global surface radiation
budget products based on remote sensing data (Pinker et al.,
2003; Zhang et al., 2004; Tang et al., 2019), which are generally
based on the atmospheric radiative transfer models that are
not easy to implement and have higher uncertainties resulting
from the requirement of more parameters. More importantly,
there is generally low spatial resolution of the existing products
based on the remote sensing inversion, which cannot reflect
the spatial heterogeneity of areas with complex terrain and
cannot meet the strict requirements of regional climatic and
hydrological studies.

The remote sensing inversion of the net surface radiation on
the regional scale, which mainly involves the estimation of solar
incident radiation and net long-wave radiation, generally relies
on the meteorological data from ground-based observations
(Guo and Shen, 2015; Liu et al., 2017; Wu et al., 2017).
Specifically, there are many commonly used inversion models
of the solar incident radiation, e.g., the Zuo-Dakang Equation,
Tong-Hong-Liang Equation, FAO56 Equation, Weng-Du-Ming
Equation, YIN Equation, and Yang Equation (Allen et al., 1998;
Yang et al., 2006; Yin et al., 2008; Cao et al., 2014). The
inversion of the net long-wave radiation is generally carried
out with multiple methods such as the Penman method, Brunt
method, and Deng Genyun method, and the net long-wave
radiation algorithm recommended by the FAO, which have
the same structure but different empirical coefficients (Allen
et al., 1998; Ren et al., 2006). However, the applicability of
these various methods varies greatly in different regions, it is,
therefore, necessary to carry out localization and verification
of these methods according to the specific conditions, and

to take into account the influence of the complex terrain
in order to improve the applicability of these methods
(Matsui and Osawa, 2015).

A number of scholars have tried to explore solar radiation
in complex terrain with the help of the digital elevation
model (DEM), geographic information system (GIS), and other
technologies (Dozier and Frew, 1990; Dubayah and Rich, 1995;
Sultan et al., 2014; Zhang et al., 2020, 2022). These previous
studies suggested that the solar zenith angle, altitude, atmospheric
transmittance, and surface albedo have a significant influence
on the solar incident radiation in complex terrain, and the
combination of the remote sensing technology and DEM can
more accurately reveal the spatial distribution of solar incident
radiation in complex terrain (Chen et al., 2012). However, in
these relevant studies based on the remote sensing data and
DEM data, scholars have generally focused more on the influence
of either the atmosphere or the underlying surface, and they
are more concentrated on the study of instantaneous radiation
with a short-time series due to the limitation of remote sensing
data (Roupioz et al., 2016; Zhang and Zhao, 2016; Hao et al.,
2019). Additionally, there are scarcely meteorological stations
in mountainous areas, which cannot meet the requirements
of the large-scale estimation of the surface net radiation, and
scholars generally have to obtain the spatial explicit information
of the regional meteorological factors with spatial interpolation,
which inevitably leads to some errors in the estimation of
the surface net radiation (Long et al., 2010; Wu et al., 2017).
Moreover, some previous studies have considered the influence
of elevation (Long et al., 2010; Guo and Shen, 2015; Liu et al.,
2017), but it is still difficult to distinguish the difference between
shaded and sunny slopes and to accurately reflect the influence
of the terrain.

The Haihe River Basin is one of the most important national
grain production bases in China, where the average annual
temperature has increased significantly in recent decades, and
the relevant ecological issues under the background of global
warming have received increasing attention from scholars. This
region is located in a temperate continental monsoon climate
zone, with very limited water resources, accounting for less
than 1.3% of the national total water resource amount, but this
region also accounted for 11% of the national arable land area,
and therefore there is an outstanding contradiction between
water supply and demand under climate change (Guo and
Shen, 2015). More importantly, the water resources are very
unevenly distributed in time and space, and the mountainous
areas as the main water-producing areas are very sensitive to
the changes in the surface radiation budget caused by climate
change (Lei et al., 2014). It is therefore of great significance
to explore the net surface radiation variation to the relevant
research on agricultural, ecological, and hydrological problems
of the Haihe River Basin. However, the scarcity of observation
data on mountainous areas with complex terrain greatly limits
the accurate acquisition of the regional net surface radiation in
the Haihe River Basin. This study inverted the meteorological
factors based on the remote sensing data to make up for the
shortage of traditional spatial interpolation of meteorological
factors, taking into account the impacts of the atmosphere,
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underlying surface, and complex terrain. This study further
improved the key parameters of the algorithm to achieve a
more accurate inversion of the net surface radiation under
clear-sky conditions in the Haihe River Basin from 2001∼2019,
aiming to provide a methodological reference for the estimation
of net surface radiation in areas with complex terrain and
relevant research in the fields of climate, agriculture, ecology,
hydrology, and so on.

MATERIALS AND METHODS

The daily net surface radiation was calculated as the difference
between the incoming daily short-wave net radiation and the
outgoing daily long-wave net radiation. This study first estimated
the direct radiation, diffuse sky radiation, and reflected radiation
from the surrounding terrain in the Haihe River Basin based
on the remote sensing data and elevation data. Then, this study
estimated the clear-sky solar incident radiation on the surface.
Thereafter, the daily short-wave net radiation was estimated
based on the surface reflectance from the remote sensing
inversion. Finally, the net daily long-wave radiation of the Haihe
River Basin was corrected based on the meteorological data from
the remote sensing inversion, with the coefficients algorithm
recommended by the FAO (Figure 1).

The data used in the study included the remote sensing
data, elevation data, and meteorological data used to
optimize the parameters and validate the results. Specifically,
the remote sensing data included the MODIS surface
reflectance product MOD09GA and the MODIS atmospheric
precipitable water product MOD05L2 from 2001∼2019, which
were downloaded at https://search.earthdata.nasa.gov/and
https://ladsweb.modaps.eosdis.nasa.gov/. The meteorological
data of multiple meteorological stations included the relative
humidity, daily maximum temperature, and daily minimum
temperature from 2001∼2019 in the daily meteorological dataset
of basic meteorological elements of China National Surface
Weather Station, and the daily global and net radiation in
the daily radiation dataset of China, which were downloaded
from the China Meteorological Data Network1 (Figure 2).
The elevation data were SRTM DEM data with a spatial
resolution of 90 m, which were downloaded from the
Geospatial Data Cloud2. All the data were finally processed
into the spatial resolution of 0.01 degree in view of the
difference in the resolution between the remote sensing
and DEM data.

Estimation of Solar Incident Radiation
The solar incident radiation under complex terrain conditions
consists of direct radiation, diffuse sky radiation, and reflected
radiation from the surrounding terrain, as shown in Equation (1).
This study estimated the instantaneous solar incident radiation
amount and then extended it to the daily solar incident radiation
amount by accumulating it over the sunrise and sunset time

1http://data.cma.cn/
2http://www.gscloud.cn/

angles since the solar incident radiation varies with time during
the day.

Rs = Rdir + Rdif + Rref (1)

where Rs is the solar incident radiation, Rdir is the direct
radiation, Rdif is the diffuse sky radiation, and Rref is the reflected
radiation from the surrounding terrain.

Estimation of Direct Radiation
Direct radiation is affected by the incidence angle on slope I (i.e.,
the angle between the solar ray and the normal slope surface).
Under the condition of I ≥ 90◦, Rdir is 0 as the target point is
completely in shadow; under the condition of 0◦ ≤ I < 90◦, the
algorithm of Rdir is as follows (Wang, 2011):

Rdir = Vs × τ× Gsc ×
( r0

r

)2
× cos I (2)

where Vs is the shading coefficient, τ is the direct radiation
transmissivity, Gsc is the solar constant (1367 W·m−2),

( r0
r
)2

is the correction coefficient of the Earth-Sun distance, and cosI
represents the influence of the incident angle on the slope surface.

The shading coefficient Vs is the area proportion of solar
radiation received by the target point, and the value of 1 indicates
there is no shading of the surrounding terrain, and the value of
0 indicates the target point is completely shaded. This coefficient
was calculated with the algorithm of the Hillshade function using
the ArcGIS software as follows:

Vs = cos z × cos s+ sin z × sin s× cos(α− γ) (3)

where z is the solar zenith angle (radians); s is the slope gradient
(radians); α is the solar azimuth angle (radians), with 0 (2π), π,
π/2, and 3π/2 representing the due east, due west, due north, and
due south, respectively; γ is the slope direction (radians), with
the range of [0–2π]. Specifically, s and γ were calculated with
the methods in the algorithm of the Hillshade function using the
ArcGIS software; z and α were calculated with the algorithms of
Wang (1999) and Allen et al. (2007) as follows:

cos(z) = sin δ× sin φ+ cos δ× cos φ× cos ω (4)

α = acos
[

sin h× sin φ− sin δ

cos h× cos φ

]
(5)

δ = 0.409× sin(2π×
DOY
365
− 1.39) (6)

ω = π× (t − 12)/12 (7)

where δ is the solar declination (radians); ϕ is the geographical
latitude (radians); ω is the solar time angle (radians); h is the solar
altitude (radians), which is reciprocal with z; DOY is the annual
cumulative day; and t is the local time. Notably, the value of α

obtained with this method is 0 (2π) for the due south, π/2 for
the due west, π for the due north, and 3π/2 for the due east, so
these directions should be converted when they are substituted
into Equation (3).
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FIGURE 1 | Flow diagram of the estimation of the surface net radiation under clear-sky conditions in this study.

The clear-sky direct radiation transmissivity was estimated
with the empirical equation proposed by Kreith and Kreider
(1978) for calculating the atmospheric transparency coefficient as
follows (Kreith and Kreider, 1978):

τ = 0.56(e−0.56Mh + e−0.095Mh) (8)

Mh = M0 ×
Ph

P0
(9)

where Mh is the atmospheric volume below a certain elevation.
M0 is the atmospheric volume at the sea level, and Ph

P0
is the

atmospheric pressure correction factor, which were calculated as
follows (Kreith and Kreider, 1978; List, 1984):

M0 = [1229+ (614 sin h)2
]
1/2
− 614 sin h (10)

Ph
P0
=

[
288− 0.0065dem

288

]5.256
(11)

where dem is the altitude (m).
Additionally, this study corrected τ during November and

February into kτ since τ is affected by the season (Chen et al.,
2009), and k was set to be 1.8198 according to the previous
research (Liu et al., 2021).

The correction coefficient of the Earth–Sun distance was
calculated with the algorithm of Wang (1999) as follows:( r0

r

)2
= 1/

(
r
r0

)2
= 1/(1.000423+ 0.032359 sin ε

+0.000086 sin 2ε− 0.008349 cos ε

+0.000115 cos 2ε) (12)

ε = 2π× (DOY−N0)/365.2422 (13)

N0 = 79.6764+ 0.2422× (Year− 1985)

−INT[(Year − 1985)/4] (14)

where Year is the concerned year, and INT denotes the
integer function.

The influence of the incident angle on the slope surface was
calculated as follows (Duffie and Beckman, 1991):

cos I = sin δ sin φ cos s− sin δ cos φ cos γ sin s

+ cos δ cos φ cos s cos ω+ cosδ sin φ sin s cos γ cos ω

+ cos δ sin γ sin s sin ω (15)

where the slope direction γ ranges between [−π, π] and 0,−π/2,
π/2, and ± π, which represent the south, east, west, and north
directions, respectively.
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FIGURE 2 | Location of the meteorological and radiation stations in the Haihe River Basin.

Estimation of the Diffuse Sky Radiation
The surface cannot receive all the diffuse radiation from the space
hemisphere under the influence of the terrain under conditions
of arbitrary terrain, and this study introduced the sky view
factor to determine the sky range where the diffuse radiation
can be received based on the algorithm of Allen et al. (2006) as
follows:

Rdif = KD× Gsc ×
( r0

r

)2
× cos z × fi (16)

fi = 0.75+ 0.25 cos(s)−
0.5s
π

(17)

where fi is the sky view factor under conditions of isotropic
scattering; KD is the transmissivity coefficient of scattered
radiation, which is related to the broad-band atmospheric
transmissivity KB (Asce-Ewri, 2005; Allen et al., 2010), when

KB ≥ 0.15, KD = 0.35−0.36 × KB, and when KB < 0.15,
KD= 0.18+ 0.82× KB.

KB = 0.98× exp
[
−0.00146Pair

Kt cos z
− 0.075

( pre
cos z

)0.4
]

(18)

where Kt is the atmospheric turbidity coefficient, the
value of which is 1 under clear-sky conditions; pre is
the atmospheric precipitable water vapor (mm); Pair is
atmospheric pressure (kPa).

Estimation of the Reflected Radiation From the
Surrounding Terrain
The land surface receives solar radiation reflected from the
surrounding terrain under conditions of arbitrary terrain,
especially in complex terrain areas. The reflected radiation from
the surrounding terrain is influenced by the surface albedo of the
surrounding terrain, slope direction, and the sky view factor, and
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it can be calculated as follows (Allen et al., 2010):

Rref = (KB+ KD)× GSC ×
( r0

r

)2
× cos z × albedo× (1− fi)

(19)
where albedo is the ground albedo of the adjacent pixel
corresponding to the slope direction of the target point.

Estimation of the Net Surface Radiation
According to the algorithm of daily net radiation recommended
in FAO56 (Allen et al., 1998), the daily net radiation is calculated
as the difference between the daily short-wave net radiation and
daily long-wave net radiation as follows:

Rn = Rns − Rnl (20)

where Rn, Rns, and Rnl are the net daily radiation, net
daily short-wave radiation, and net daily long-wave radiation
(MJ·m−2

·day−1), respectively.

Rns = (1− albedo)Rs (21)

where Rs is the solar incident radiation (MJ·m−2
·day−1) and

albedo is the surface albedo, which can be extracted from the 7-
band reflectance of the MOD09GA product as follows (Tasumi
et al., 2008):

albedo = 0.215α1 + 0.215α2 + 0.242α3 + 0.129α4

+ 0.101α5 + 0.062α6 + 0.036α7 (22)

where αi is the 7-band reflectance of the MOD09GA product, and
i= 1, 2,., 7.

Rnl was corrected based on the algorithm recommended by the
FAO as follows:

Rnl = σ

[
T4

max + T4
min

2

]
(b− k

√
ea)

[
1.35

Rs

Rso
− 0.35

]
(23)

where σ is the Stefan–Boltzmann constant, which is
4.903 × 10−9 MJ·K−4

·m−2
·day−1; Tmax, Tmin, and ea are

the maximum temperature, minimum temperature (K), and
the actual water vapor pressure (kPa), respectively, which were
inversed from the MOD05L2 product. Rso is the clear-sky solar
short-wave radiation (MJ·m−2

·day−1). Rs
Rso is 1 under clear-sky

conditions; k and b are coefficients obtained by fitting the
station observations.

Correction of the Daily Solar Long-Wave Net
Radiation Coefficient
According to the surface net radiation calculation [Equations
(20)–(23)], the relationship among the radiation, air temperature,
and air–water vapor pressure under clear-sky conditions is as
follows:

(1− albedo)Rs − Rn

σ[
T4

max+T
4
min

2 ]

= −k
√
ea + b (24)

assuming y = (1−albedo)Rs−Rn

σ[
T4

max+T
4
min

2 ]

, x =
√
ea, then y = −kx+ b,

where ea was estimated with the algorithm in the FAO56. The

linear relationship between y and x was then fitted with the
albedo data inverted from the MOD09GA product, the daily
solar incident radiation and daily net radiation data observed
at radiation stations on clear-sky days, and the maximum
temperature, minimum temperature, and relative humidity
data observed at meteorological stations at corresponding
locations, based on which the values of k and b were
thereafter determined.

Remote Sensing Inversion of the Meteorological
Factors
The atmospheric precipitable water vapor data at the
corresponding locations of meteorological stations in the
Haihe River Basin were extracted from the MOD05L2 product.
Then the mathematical relationships among the maximum
temperature, minimum temperatures, and the atmospheric
precipitable water were established separately for the spring
(March–May), summer (June–August), autumn (September–
November), and winter (December–February) [Equations
(25) and (26)]. Thereafter, the spatially explicit regional
meteorological data can be inferred according to the atmospheric
precipitable water vapor data based on these mathematical
relationships.

Tmin = f1(pre) (25)

Tmax = f2(pre) (26)

where Tmin and Tmax are the daily minimum temperature
and maximum temperature (◦C), respectively, and pre is the
atmospheric precipitable water vapor (cm).

There is generally a close mathematical relationship between
the actual water vapor pressure and atmospheric precipitable
water, and it is feasible to establish the functional relationship
between the actual water vapor pressure observation data at
meteorological stations and the atmospheric precipitable water
data in the MOD05L2 product, based on which the spatially
explicit regional water vapor pressure can be inverted. In this
study, the actual water vapor pressure data at meteorological
stations in the Haihe River Basin from 2001∼2019 were estimated
with the data of relative humidity, maximum temperature, and
minimum temperature available at meteorological stations as
follows:

ea =
RH
100

[
e
◦

(Tmax)+ e
◦

(Tmin)

2

]
(27)

e
◦

(T) = 0.6108 exp
[

17.27T
T + 237.3

]
(28)

where ea is the actual water vapor pressure (kPa), RH
is the relative humidity (%); T, Tmin, and Tmax are the
temperature, minimum temperature, and maximum temperature
(◦C), respectively.

Evaluation of the Estimation Accuracy
This study evaluated the estimation accuracy by comparing
the estimated results with the observation data from radiation
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stations in the Haihe River Basin. Specifically, the correlation
coefficient and the root mean square error were used to represent
the estimation accuracy of the daily incident solar radiation and
daily net radiation under clear-sky conditions from 2001∼2019
as follows:

R =
∑n

i=1(xi − x)(yi − y)√∑n
i=1(xi − x)2 ∑n

i=1(yi − y)2
(29)

RMSE =

√∑n
i=1(xi − yi)2

n
(30)

where R is the correlation coefficient, RMSE is the root mean
square error, n is the total number of estimated radiation data
to be verified, xi is the site observation value, yi is the estimated
value, x̄i is the mean of the site observation values, and ȳi is the
mean of the estimated values.

RESULTS AND DISCUSSION

Relationship Between the Meteorological
Factors and the Remote Sensing Data
Figure 3 suggests that there was a remarkable seasonal variation
of the atmospheric precipitable water vapor and temperature in
the Haihe River Basin, which showed a significant correlation.
Specifically, there was a very significant seasonal variation of
the atmospheric precipitable water, which reached the maximum
value above 8 cm in summer, the minimum value generally
below 1 cm in winter, and the medium value below 4 cm
in spring or autumn. The magnitude of temperature variation
with atmospheric precipitation varied significantly in different
seasons, specifically, the temperature variation was stronger
when the atmospheric precipitable water was very low, but it
gradually tended to level off when the atmospheric precipitable
water exceeded 1 cm.

It is more accurate to reveal the mathematical relationship
between temperature and atmospheric precipitable water vapor
by fitting them by season, and the fitting results based on the
atmospheric precipitable water vapor data and the MOD05L2
product at the location of meteorological stations in the Haihe
River Basin from 2001∼2019 suggested that there was an
obvious logarithmic relationship between the air temperature
and atmospheric precipitable water vapor as shown in Equations
(31) and (32). In particular, the significant correlation between
air temperature and atmospheric precipitable water vapor varied
with seasons. Specifically, the correlation between the air
temperature and atmospheric precipitable water vapor was high
in spring and autumn and low in summer and winter, with
the correlation coefficient between 0.7 and 0.8 and 0.3 and 0.6,
respectively.

Tmin = a1 ln(pre)+ b1 (31)

Tmax = a2 ln(pre)+ b2 (32)

where a1, b1, a2, and b2 are the fitted coefficients. Specifically, in
spring, a1 = 9.2323, b1 = 8.3757, a2 = 8.6755, and b2 = 24.621; in
summer, a1= 5.2267, b1= 12.69, a2= 2.6939, and b2= 28.898; in
autumn, a1 = 9.5585, b1 = 5.0577, a2 = 10.484, and b2 = 19.757;
and in winter, a1 = 6.448, b1 = −2.1371, a2 = 6.4342, and
b2 = 11.406.

The relationship between the actual water vapor pressure
and atmospheric precipitable data is shown in Equation (33)
and Figure 4, which was revealed on the basis of the actual
water vapor pressure data and the atmospheric precipitable
data extracted from the MOD05L2 product at the location of
meteorological stations from 2001∼2019.

ea = 0.6215pre+ 0.2017 (33)

Verification of the Solar Radiation
Inversion
Correction Coefficients of the Daily Long-Wave Net
Radiation
The correction coefficients k and b in the daily long-wave net
radiation algorithm were obtained by fitting the meteorological
data and radiation data observed at the stations and the albedo
data extracted from the remote sensing data. The results shown in
Figure 5 suggested k and b were 0.1042 and 0.3821, respectively.
The long-wave net radiation algorithm recommended by the FAO
was localized with the correction coefficients k and b, making it
more applicable to the Haihe River Basin.

Verification of the Estimated Solar Radiation
There are four radiation observation stations in the Haihe River
Basin (Figure 2), i.e., Beijing station (39.48◦N, 116.28◦E, altitude
31.3 m), Datong station (40.06◦N, 113.2◦E, altitude 1,067.2
m), Laoting station (39.26◦N, 118.53◦E, altitude 10.5 m), and
Tianjin station (39.05◦N, 117.04◦E, altitude 2.5 m). Specifically,
Beijing, Laoting, and Tianjin stations provided both the daily
solar radiation and net radiation observation data, while Datong
station provided only the daily solar radiation observation data.
Meanwhile, the Beijing station provided more comprehensive
observation available for the full period of 2001∼2019, while
the other three stations only provided observation data available
from 2001 to 2010.

The estimated results of the solar incident radiation and
daily net radiation under clear-sky conditions from 2001∼2019
were verified with the available observation data of these
radiation stations (Figures 6, 7). The correlation coefficients
between the estimated and observed daily solar incident
radiation at Beijing, Datong, Laoting, and Tianjin stations
reached 0.90, 0.91, 0.91, and 0.90, respectively, with the root
mean square errors of 3.39 MJ/(m2

·day), 3.55 MJ/(m2
·day),

3.18 MJ/(m2
·day), and 3.38 MJ/(m2

·day), respectively. The
correlation coefficients between the estimated and observed daily
net radiation at Beijing, Laoting, and Tianjin stations were
0.90, 0.90, and 0.89, respectively, with the root mean square
errors of 2.80 MJ/(m2

·day), 3.08 MJ/(m2
·day), and MJ/(m2

·day),
respectively. Overall, the estimated incident solar radiation and
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FIGURE 3 | Relationship between the temperature and atmospheric precipitable water by season in Haihe River Basin.

net daily radiations were highly consistent with the observed
ones, with the estimation accuracy within the acceptable range.

Spatiotemporal Variation of Solar
Radiation in the Haihe River Basin
Temporal Variation of Solar Radiation
The average solar radiation of the Haihe River Basin showed
no significant inter-annual changing trends but remarkable

intra-annual fluctuation during 2001∼2019 (Figure 8).
Specifically, the annual average values of the daily solar
incident radiation, daily long-wave net radiation, and daily net
radiation under clear-sky conditions in the Haihe River Basin
from 2001∼2019 ranged between 16.6 and 20.9 MJ/(m2

·day),
9.1 and 9.5 MJ/(m2

·day), 4.8 and 8.2 MJ/(m2
·day), respectively.

Overall, the solar incident radiation and net radiation under
clear-sky conditions showed significant inter-annual variation,
but their annual average values showed no obvious changing
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FIGURE 4 | Relationship between the actual vapor pressure and atmospheric
precipitable water in Haihe River Basin.

FIGURE 5 | Fitting curve of the correction coefficients k and b in the daily
long-wave net radiation algorithm.

trends, which only increased slightly, with the variation slopes of
0.08 and 0.07, respectively.

There was a very significant seasonal variation in the solar
radiation of the Haihe River Basin, and the average daily
solar incident radiation and daily net radiation under clear-
sky conditions were the highest in summer and the lowest
in winter, basically showing a single-peak pattern. Specifically,
the seasonal average values of daily solar incident radiation,
daily net radiation, and daily long-wave net radiation ranged
between 7.5 and 30.8 MJ/(m2

·day), −3.8 and 16.9 MJ/(m2
·day),

and 7.5 and 10.6 MJ/(m2
·day), respectively. More specifically,

the average values of daily solar incident radiation, daily
net long-wave radiation, and daily net radiation in spring
from 2001∼2019 ranged between 20.4 and 25.4 MJ/(m2

·day),
9.6 and 9.8 MJ/(m2

·day), and 7.4 and 11.5 MJ/(m2
·day),

respectively. In summer, the solar incident radiation and
daily net radiation increased to some extent, with the daily
average value ranging between 26.6 and 30.3 MJ/(m2

·day)
and 13.1 and 16.0 MJ/(m2

·day), respectively, while the daily
long-wave net radiation decreased to some extent, with the
average value ranging between 8.8 and 9.8 MJ/(m2

·day). In
contrast, in autumn, the solar incident radiation and daily
net radiation were relatively lower, with average daily values
fluctuating between 12.1 and 16.0 MJ/(m2

·day) and 1.2 and
4.7 MJ/(m2

·day), respectively, while the daily long-wave net
radiation fluctuates between 9.1 and 9.3 MJ/(m2

·day). The
lowest values of solar incident radiation, net daily longwave
radiation, and net daily radiation all occurred in winter, with the
average daily values ranging between 8.0 and 16.5 MJ/(m2

·day),
8.1 and 8.4 MJ/(m2

·day), and −1.5 and 5.7 MJ/(m2
·day),

respectively. Moreover, the seasonal solar radiation showed
no significant changing trends during the study period, and
the solar incident radiation in spring and the net daily
radiation in summer and winter increased most remarkably,
but with the slopes of growth reaching only 0.05 and
0.03, respectively.

Spatial Heterogeneity of Solar Radiation in the Haihe
River Basin
The solar incident radiation at the surface differed greatly
among regions in the Haihe River Basin, and the net surface
radiation in the Haihe River Basin showed complex spatial
heterogeneity under the influence of multiple factors such as
location and terrain (Figure 9). Taking the solar radiation
under clear-sky conditions in different seasons of 2017 as an
example (Figure 9), this study suggested there was an obvious
difference in solar incident radiation and net surface radiation
in mountainous areas, where the difference between the highest
and lowest solar incident radiation exceeded 11 MJ/(m2

·day)
and the difference between the highest and lowest net surface
radiation even exceeded 16 MJ/(m2

·day). On the one hand,
the solar incident radiation is closely related to the latitude. In
general, the lower the latitude is, the larger the solar altitude
angle is, and the more the solar radiation reaching the ground
is, and vice versa, and this study also suggested the solar
incident radiation in the Haihe River Basin showed an overall
decreasing trend from south to north (Figure 9). On the other
hand, the daily outgoing long-wave net radiation is positively
correlated with the temperature, which is also closely related to
the latitude. Generally, the lower the latitude is, the higher the
temperature is, and vice versa, which can offset the influence
of solar incident radiation on the net surface radiation in
latitudinal zones to a certain extent. As a result, this study
suggested the spatial difference in the net surface radiation
between latitudinal zones from south to north was not as
significant as that of the solar incident radiation in the Haihe
River Basin (Figure 9).
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FIGURE 6 | Comparison of the estimated and observed daily solar incident radiation of the Haihe River Basin.

FIGURE 7 | Comparison of estimated and observed daily net radiation of the Haihe River Basin.
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FIGURE 8 | The average values of daily solar incident radiation (Rs), daily long-wave net radiation (Rnl), and daily net radiation (Rn) under clear-sky conditions from
2001∼2019 in the Haihe River Basin.

There is very significant spatial heterogeneity of terrain in
the Haihe River Basin, which had a very important influence
on the solar radiation. Specifically, there are mainly plains with
low elevation in the eastern and southern parts of the Haihe
River Basin, where the simple terrain has very limited influence
on both the solar incident radiation and net surface radiation.
By contrast, there are the Yanshan-Taihang Mountains in the
western and northern part of the Haihe River Basin, with a high
altitude and very complex terrain variation, and the lowest and
highest values of solar incident radiation both occurred in these
mountainous areas under the influence of terrain shading and
slope direction. On the one hand, there is a limited weakening
effect of the atmosphere on the solar incident radiation in
these mountainous areas with the high altitude, long sunshine
hours, and thin air, and therefore the solar incident radiation
in mountainous areas is slightly higher than that in plain areas
at the same latitude. On the other hand, the sunshine hours
and intensity of received solar radiation varied greatly among
different slope gradients and directions. The closer to 90◦ the
solar altitude angle on the slope is, the more the solar incident
radiation is. The less the influence of the terrain shading on
different slopes is, the longer the sunshine hour is, and the
more solar incident radiation is. The variation of solar incident
radiation is therefore much more significant in areas with strong
terrain variation in these mountainous areas than the plain areas.
Additionally, the daily net long-wave radiation is affected by both
the temperature and water vapor pressure. In mountainous areas
with high altitudes, the temperature is relatively lower and the
actual water vapor pressure is also lower due to the lower water
vapor content under clear-sky conditions, which jointly lead to a
higher daily net long-wave radiation and slightly lower daily net
radiation in the mountainous areas with little terrain variation
than the plain areas. Nevertheless, the solar incident radiation
on the sunny slopes of areas with strong terrain variation in
mountainous areas is still much higher than that on the plains,
and the highest daily surface net radiation still occurred on

these sunny slopes of areas with strong terrain variation in
mountainous areas.

Variation of Daily Solar Radiation on Different Slope
Directions
There is a remarkable difference in the solar incident radiation
received by the ground surface on different slopes in the Haihe
River Basin under the influence of terrain. There is a more
remarkable difference in the sunshine hour and the percentage of
solar incident radiation received on a unit area on different slopes
under the influence of terrain shading. This study generated
the slope direction map of Haihe River Basin with the slope
direction tool in the ARCGIS software to clarify the surface
radiation budget of different slope directions, according to which
the study area was divided into eight directions, i.e., N (0-π/8,
15π/8-2π), NE (π/8-3π/8), E (3π/8-5π/8), SE (5π/8), and SE
(5π/8). 8), SE (5π/8-7π/8), S (7π/8-9π/8), SW (9π/8-11π/8), W
(11π/8-13π/8), and NW (13π/8-15π/8), and thereafter this study
extracted the solar radiation under the clear-sky condition on
different slope directions.

The results based on the average daily solar radiation under
clear-sky conditions from 2001∼2019 suggested that there was
a similar descending rank order of the solar incident radiation
and the surface net radiation on different slope directions, i.e.,
south, southwest, west or southeast, northwest, east, northeast,
and north (Figure 10). Specifically, the south slope received the
highest solar radiation, followed by the southwest slope, but the
difference between them was very slight, reaching only about
0.03 MJ/(m2

·day). There was similar solar incident radiation on
the west and southeast slopes, which was about 0.13 MJ/(m2

·day)
lower than that on the north slope. The solar incident radiation
on the northwest slope was about 0.1–0.2 MJ/(m2

·day) higher
than that on the east slope and about 0.1 MJ/(m2

·day) lower than
that on the southeast slope. The solar incident radiation on the
northeast slope was about 0.6–0.7 MJ/(m2

·day) lower than that
on the south slope, but it was about 0.3MJ/(m2

·day) higher than
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FIGURE 9 | Spatial heterogeneity of the daily solar incident radiation (Rs) and
the surface net radiation (Rn) in Haihe River Basin.

that on the east slope. The north slope received the least solar
incident radiation, which was about 1 MJ/(m2

·day) lower than
that on the south slope.

Notably, the difference in the average surface net radiation
under clear-sky conditions on different slopes varied remarkably
from year to year due to the variation in the total number
of clear-sky days and their distribution in different seasons in
different years. Specifically, the difference between the surface
net radiation in the north and south directions was about
0.8–1.1 MJ/(m2

·day) in different years. While the differences
in net surface radiation on the southwest, west or southeast,

northwest, east, and northeast slopes compared to the south slope
reached about 0.02–0.03 MJ/(m2

·day), 0.07–0.11 MJ/(m2
·day),

0.16–0.21 MJ/(m2
·day), 0.24–0.34 MJ/(m2

·day), and 0.43–
0.59 MJ/(m2

·day), respectively. Additionally, Figure 10 shows
that the annual average solar incident radiation and the surface
net radiation under clear-sky conditions were higher in 2009,
2010, 2016, and 2017 and lower in 2002, 2008, and 2011.
Specifically, the annual average solar radiation was the highest
in 2010 and the lowest in 2002, and the difference between
the solar incident radiation and the surface net radiation on
different slopes reached about 4.2–4.4 MJ/(m2

·day) and 3.4–
3.5 MJ/(m2

·day), respectively. This is mainly due to the fact
that the sunny days in 2010 were mainly concentrated in May–
October, while the sunny days in 2002 were mostly concentrated
in January–May and September–December.

Discussion
The method used in this study can more accurately reveal the
spatial heterogeneity of solar radiation under complex terrain
conditions than the methods in previous studies. The regional
meteorological data in previous studies were mostly obtained
with the spatial interpolation methods, and some scholars took
into account the influence of the elevation but generally failed to
reflect the influence of the shaded slope. In contrast, this study
improved the estimation accuracy of the meteorological factors in
the Haihe River Basin by inverting the maximum and minimum
temperatures and the actual water vapor pressure based on the
remote sensing data, the MOD05L2 product, which can better
reflect the spatial distribution of these meteorological factors.
Compared with the traditional spatial interpolation method of
meteorological factors used by previous scholars and even the
GIDW method, which is optimized by considering the elevation
factor, the method used in this study can better reflect the
influence of terrain variation on the meteorological factors
in areas with complex terrain, especially the meteorological
difference between shaded and sunny slopes resulting from the
complex terrain. Besides, this study significantly improves the
estimation accuracy of the solar incident radiation in complex
terrain areas by fully considering the solar incident radiation
from three aspects, i.e., direct radiation, diffuse sky radiation,
and reflected radiation from the surrounding terrain, amending
the influence of the cosine value of the incident angle on the
slope based on multiple factors, e.g., the slope gradient, slope
direction and latitude, and introducing the shading coefficients
to amend the influence of shading caused by the shadow of
the surrounding terrain. In addition, this study has localized
some key parameter values in the daily net long-wave radiation
algorithm recommended by the FAO, which further improves the
estimation accuracy. More importantly, this study has carried out
the verification of the estimated solar radiation with the long time
series observation data, which is more convincing than previous
studies with the short time data.

There are still some uncertainties in this study due to the data
limitation, etc. First, there is a limited number of meteorological
stations available for the model verification, especially in the
mountainous areas with complex terrain. Besides, there are some
uncertainties resulting from the inherent error of the remote
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FIGURE 10 | Average daily solar radiation under clear-sky conditions on different slopes from 2001∼2019 in the Haihe River Basin. (A) Solar incident radiation; (B)
Surface net radiation.

sensing data and the problems of mixed pixels due to the limited
spatial resolution of the remote sensing data. In particular, there
may be a remarkable difference in the quality of the remote
sensing data under clear-sky conditions. In addition, the method
used in this study is only applicable to the clear-sky conditions
due to the limitation of the remote sensing data availability and
the transmittance coefficient algorithm, and it is necessary to
carry out further research for the cloudy and overcast conditions.
It is therefore the next agenda of this study to explore how
to extend the daily-scale surface radiation data to monthly and
annual scales. Nevertheless, the results of this study can still
provide important methodological support for the estimation of
the surface radiation budget and relevant studies of agriculture,
ecology, hydrology, and meteorology in mountainous areas with
complex terrain.

CONCLUSION

This study estimated the surface net radiation under clear-sky
conditions in the Haihe River Basin as an area with complex
terrain from 2001∼2019 based on the topographic data, the
remote sensing data, and the temperature and water vapor
pressure data inverted with the remote sensing data. The main
conclusions are as follows: (1) This study effectively improved
the estimation accuracy of the surface net radiation algorithm
by comprehensively considering the impacts of complex terrain,
underlying surface and atmosphere on the surface net radiation,
and localizing the parameter values in the algorithm of net long-
wave radiation recommended by the FAO, with the correlation
coefficient between the estimated surface net radiation and the
observed value reaching approximately 0.9 and the root mean
square error reaching about 3 MJ/(m2

·day). (2) The average daily
solar incident radiation and daily net radiation under clear-sky
conditions in the Haihe basin were the highest in summer and
the lowest in winter, showing an overall single-peak pattern, and
the annual average solar radiation was the highest in 2010 and the

lowest in 2002. (3) The solar incident radiation and net surface
radiation in the Haihe River Basin showed complex spatial
heterogeneity. On the one hand, the lowest and highest values of
solar incident radiation both occurred in the mountainous areas
in the western and northern part of the Haihe River Basin. On the
other hand, the solar radiation varied significantly on different
slopes, and there was a similar descending rank order of the solar
incident radiation and the surface net radiation on different slope
directions in the Haihe River Basin, i.e., south, southwest, west or
southeast, northwest, east, northeast, and north. (4) The method
used in this study is only applicable to the clear-sky conditions
due to the limitation of the remote sensing data availability and
the transmittance coefficient algorithm, and it is the next agenda
of this study to carry out further research for the cloudy and
overcast conditions and explore how to extend the daily-scale
surface radiation data to monthly and annual scales. Overall, it
is necessary to further improve the algorithm used in this study,
but this study can still provide important methodological support
for the estimation of solar radiation in areas with complex terrain
in the relevant fields.
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The Yellow River Basin is of great significance to China’s economic and social
development and ecological security. The Yellow River Basin is not only an important
ecological barrier but also an important economic zone. In this article, natural
hydrological conditions were taken as a reference, a habitat simulation model of the
key sections of the Yellow River was constructed based on the MIKE 21 model,
and an ecological water requirement assessment method for river ecological integrity
combined with habitat simulation and features of the hydrological reference group was
established, which took account of the survival and reproduction of indicator species.
The suitable flow rates for the spawning period (i.e., April to June) of Silurus lanzhouensis
in Lanzhou (LZ) and Cyprinus carpio in Longmen (LM) were 350–720 and 260–400 m3/s,
respectively. Therefore, high pulse flow with a low flow peak should be guaranteed
in mid- to late April. The peak flow should be at least approximately 1,000 m3/s to
ensure that fish receive spawning signals, with a high pulse flow process occurring 1–
2 times in May to June. The annual ecological water requirement of the Lanzhou and
Longmen section was 9.1 × 109–11 × 109 and 4.7 × 109–11.3 × 109 m3. The model
quantitatively simulated the changes in ecological water requirement of indicator fishes
in key sections of the Yellow River, and an effective and realistic tool for ecological water
requirement accounting of the Yellow River was provided.

Keywords: ecological water requirement (EWR), habitat simulation, MIKE 21 model, ecological water requirement
process, the main stream of the Yellow River

KEY POINTS

- A new assessment method of ecological water requirement process was proposed to maintain
the ecological integrity of the Yellow River.

- The ecological water requirement process and pulse flow process were determined based on the
ecological flow elements.

- The changes of ecological water requirement of the Yellow River in different periods have been
simulated quantitatively and effectively.
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INTRODUCTION

With the continuous improvement in human understanding of
river ecosystems, ecological problems caused by human activities,
such as the construction of water conservancy structures, have
become increasingly serious. Thus, the concept of “river health”
has begun to emerge and has been accepted throughout the
world in order to solve the problems of river pollution and the
deterioration of water ecosystems, which have attracted wide
attention from various countries (Richter, 1997; Norris and
Thoms, 1999; Norris and Hawkins, 2000; Wu and Chen, 2018;
Virkki et al., 2021). The ecological water requirement of a river is
one of the important indicators of its health status (Thame, 2003;
Rolls and Bond, 2017). With the emergence of flood disasters,
river outages, and water pollution, research on ecological water
requirement has generally been carried out for river ecosystems,
mainly focusing on minimum and optimal flow according to
the physical requirements of the river (e.g., the characteristics
of fish) (Bartschi, 1976; Tennant, 1976; Bovee, 1996; Bunn and
Arthington, 2002). In recent years, relevant studies have begun
to consider the vertical connection of river flows, the integrity
of river ecosystems has been paid attention to, the adaptability
of river ecosystems has been analyzed from the perspective of
flow changes, the limitations of river ecosystem types in related
research have been overcome, and comprehensive analysis of
different ecosystem types has gradually expanded (Hughes, 1999,
2001; Yang et al., 2020; Liu et al., 2022). A large number of studies
on ecological water requirement have been carried out based
on the preferences of species for certain habitats, and a habitat
simulation method considering the direct relationships between
runoff and organisms was established to evaluate ecological
water requirement. The physical mechanism was clear, and it
can provide the ecological water requirement process with dry
and wet changes rather than a fixed minimum ecological water
requirement (Nikghalb et al., 2016; Poff, 2018), which has been
widely used in ecological water requirement assessments (Hao
and Shang, 2008; Cai et al., 2010; Sun et al., 2013; Theodoropoulos
et al., 2018; Wang et al., 2018; Shang et al., 2020). However,
habitat simulation has mainly focused on the flow conditions
in order to shape the biological habitat, and the life rhythm
signals that trigger key life activities have been ignored, such
as high flow pulses. Despite decades of research, the process of
maintaining the ecological water requirement of the indigenous
aquatic communities of rivers has not been effectively solved
(Edwards and Twomey, 1982; Baumgartner et al., 2014; Brown
and Williams, 2016; Arthington et al., 2018).

The Yellow River Basin is very important for China’s economic
and social development and ecological security. The basin is
not only an important ecological barrier but also an important
economic zone in China. However, water supply to ecological
environment along the Yellow River has been occupied by
industrial or agricultural activities through the process of
urbanization in recent years, and the amount of water in the
main channel of the Yellow River cannot maintain the health of
the channel. Earlier studies on the ecological water requirement
of the Yellow River were focused on discussing the ecological
water requirement “quantity,” which did not involve analysis

of the specific flow process, duration, and frequency and other
river hydrological conditions, and the connection and response
relationship between the river ecological water requirement
process and runoff elements have not been established (Zhang
et al., 2008; Zhao et al., 2011; Wang et al., 2020). Research on
the ecological requirements of the middle and upper reaches
of the main stream of the Yellow River has mainly focused
on ecosystem protection, and research on the downstream area
has mainly focused on sediment water transport (Huang et al.,
2004; Hao et al., 2006; Ma et al., 2007; Liu, 2009; Wang et al.,
2009). Furthermore, subsequent research was based on the actual
status of the ecological environment and ecological protection
goals of the Yellow River, improving the accuracy of ecological
water requirement models. However, the relationship between
the ecological hydrological process of the river and the response
of the ecosystem has not been fully clarified (Lian et al., 2011;
Zhao et al., 2011; Ma et al., 2014; Huang et al., 2016).

This research aims to maintain the integrity of the indigenous
communities in the Yellow River. Habitat simulation was
performed, and the natural hydrological conditions were taken
as a reference. The characteristic values of the natural hydrology
were extracted to supplement and modify the habitat simulation
results. Specifically, the MIKE 21 model was used to construct
a habitat simulation model, and the changes in the water level
and flow rate of the important section of the main stream of
the Yellow River were analyzed and simulated. The features of
the hydrological reference group were extracted according to the
natural runoff conditions, and an ecological water requirement
assessment method for river ecological integrity was established
by supplementing and modifying the habitat simulation results
with the features of the hydrological reference group. The new
method proposed in this article was helpful for quantitatively
simulating the changes in the ecological water requirement
of indicator fish in key sections of the Yellow River, and an
effective tool was provided for the actual calculation of ecological
water requirement.

STUDY AREA

The Yellow River is the second longest river in China, with
a length of 5,464 km and a drainage area of 752,000 km2.
It originates from the Qinghai-Tibet Plateau (northwest) and
flows to the Bohai Sea (east) (Figure 1). The average annual
precipitation in the entire Yellow River Basin is approximately
466 mm, showing a decreasing trend from southeast to
northwest. The source of the Yellow River to Hekou town in
Inner Mongolia is the upper reaches of the Yellow River, with a
channel length of approximately 3,472 km and a watershed area
of approximately 428,000 km2. The length from Hekou town to
Taohuayu in Zhengzhou encompasses the middle reaches of the
Yellow River, with a channel length of approximately 1,206 km
and a drainage area of approximately 344,000 km2. The middle
reaches are the main sources of floods and sediments in the
Yellow River. Below Taohuayu in Zhengzhou is the lower Yellow
River, with a channel length of approximately 786 km and a
watershed area of approximately 23,000 km2.
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FIGURE 1 | The main stations of the Yellow River Basin (YRB). LZ, Lanzhou; LM, Longmen; H LJX reservoir, Liujiaxia reservoir; QTX reservoir, Qingtongxia reservoir;
WJZ reservoir, Wanjiazhai reservoir; SMX reservoir, Sanmenxia reservoir; XLD reservoir, Xiaolangdi reservoir.

In the past 30 years, the features of fish species in the Yellow
River have changed significantly due to the dramatic impact of
human activities (Feng, 2010). There are few species in the upper
reaches of the Yellow River, and the community is relatively
simple (Ru et al., 2010; Wang et al., 2020). The species in the
middle and lower reaches are more abundant than the ones in the
upper reaches. The number of species gradually increases from
the upper reaches to the lower reaches (Wu et al., 2006; Huang
et al., 2016; Wang et al., 2017).

MATERIALS AND METHODS

The ecological water requirement in the upper reaches of the
Yellow River were analyzed by selecting the LZ section in the
upper reaches, the LM section in the middle reaches. Moreover,
Silurus lanzhouensis (the Lanzhou Amur catfish) was selected as
the indicator species of the LZ and XHY sections, while Cyprinus
carpio (the Yellow River carp) was selected as the indicator
species of the TDG, LM, and HYK sections.

The approach for ecological water requirement accounting
of the key sections of main stream of the Yellow River is
shown in Figure 2. The MIKE 21 model, regarded as one of
professional engineering software for simulating the current,
wave, sediment and environment of rivers (Dhi, 2011) was used
to construct a habitat simulation (Dai et al., 2010; Xu, 2010;
Doummar et al., 2012; Zhang et al., 2016). The changes in
the water level and flow rate in the important sections of the
main stream of the Yellow River were analyzed and simulated
based on the MIKE 21 model. The features of the hydrological
reference group were extracted according to the natural runoff
conditions. An ecological water requirement assessment method

for river ecological integrity was established by supplementing
and modifying the habitat simulation results with the features of
the hydrological reference group.

Process for Determining Ecological
Water Requirement
The process for ecological water requirement included the
ecological base flow, the ecological flow during the fish spawning
period, and the flood pulse maintaining the stability of the river
channel during the flood season (Poff et al., 1997; Nikghalb et al.,
2016; Wang, 2017; Poff, 2018; Wang et al., 2018). River ecological
base flow aims to maintain the vertical connectivity of the river,
provide nutrients to the wetland, maintain an appropriate water
surface width of the river fish habitat, and ensure the smallest
living water area available for fish. A certain flow rate is required
during the fishes spawning period in order to provide guidance,
and the flow pulse surge is required to ensure that fish are
stimulated by the flow required for spawning at an appropriate
time. The flood process in the flood season mainly scoured the
riverbed sediment, stabilized the river channel structure, and
provided a migration channel for fish.

Assessment of the Ecological Water Requirement
Process of Indicator Species
Combined with the basic hydrological and meteorological data
of the river and the life habits in different life cycles (Morrison
et al., 1992; Jiang et al., 2005; Liu et al., 2008; Dudgeon, 2010;
Jiang and Wang, 2012; Shang et al., 2020), the MIKE 21 model
was used to simulate the changes in the river hydrological
process, the changes in the habitat of the indicator species
under different flows were analyzed, and the ecological water
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FIGURE 2 | The framework for ecological water requirement accounting from the perspective of habitat conservation.
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FIGURE 3 | The flow – habitat area curve of the indicator species in growing
period.

requirement process of the indicator species were evaluated
through habitat simulation. The peak value of the habitat area
during the growth period of the indicator species was H1, max.
In this article, we specified that when the area of the habitat
(i.e., Hmax) was 1/3, the minimum flow range suitable for the
survival and development of the indicator species was GminGmax
(Figure 3; Wang et al., 2020). Meanwhile, the peak value of the
habitat area of the indicator species in the overwintering period
was H2, max, the minimum flow range suitable for winter was
WminWmax, the peak value of habitat area in the spawning period
was H3, max, and the minimum flow range was SminSmax.

Extraction of Key Features of the Hydrological
Reference Group
When the reservoir had not been built upstream of the
hydrological station, the measured hydrological conditions were
used as a proxy for the natural hydrological conditions, and the
measured daily runoff series during this period was used as the
hydrological reference group (Ma et al., 2014). The characteristic
values of the hydrological reference group mainly focused on the
minimum flow and the high flow pulse.

The minimum value of natural flow Nmin was considered
to be the lower limit of flow that all indigenous aquatic
organisms could tolerate. The minimum flows in the growth,
overwintering and spawning periods were NG, min, NW, min,
and NS, min, respectively. Statistics of the characteristics of high-
flow pulses under natural conditions were used to evaluate the
high-flow pulses among the ecological water requirement. To
calculate the variation range of the high flow pulse duration,
peak flow, rise rate, and fall rate under natural conditions, the
interval from the 1/3 quantile to the 2/3 quantile was taken as the
suitable range of the ecological water requirement of high flow
pulse duration (Pd), peak flow rate (Pmax), rising rate (Prate,r),
and falling rate (Prate,f ). The average flow rate of high-flow pulses
under natural conditions was taken as the appropriate value of
the average flow of the ecological water requirement of high-flow
pulses (Pmean).

Determination of Ecological Water Requirement by
Coupling Results of the Habitat Simulation and
Features of the Hydrological Reference Group
Ecological base flow was provided throughout the year, and the
overlapping range of the flow range suitable for the indicator
species and the natural flow range was taken as the base flow
variation range Eb, minEb, max, as shown in equations 1, 2.

EG,min = max
(

Gmin, NG,min
)

(1)

EG,max = min
(

Gmax, NG,max
)

(2)

A high flow pulse process based on the hydrological reference
group was focused on. The overlapping range of the flow range
suitable for spawning of the indicator species and the range of
low flow changes in the flooding period under natural conditions
were used to estimated the reproduction flow Es, minEs, max, as
shown in equations 3, 4.

Es,min = max
(

Smin, Ns,min
)

(3)

Es,max = min
(

Smax, Ns,max
)

(4)

To maintain the safety of life and properties in the floodplain
area, only non-floods are considered in this study. Based on
the flow-habitation area curve, a high-flow range suitable for
indicating the habitat of adult and larval species was selected.

Establishment of a Habitat Simulation
Model
Determination of Model Parameters
Solution Format
This study aimed to simulate water flow changes. The low-order
spatially discrete format could meet the accuracy required for
the simulation results and saved program run time. Therefore,
the low-order numerical calculation method was selected. The
minimum and maximum number of time step sets in this model
were 0.005 and 6000, respectively.

Wet and Dry Water Depths
In terms of dry and wet areas, it was necessary to set the dry water
depth, wet water depth, and submerged depth to avoid or reduce
the instability of the model. In this article, the recommended
values of dry water depth hdry, submerged water depth hflood, and
wet water depth hwet are 0.005, 0.05, and 0.1 m, respectively.

Vortex Viscosity Coefficient
In the model, the concept of “vortex viscosity” was used to
describe the integral of the fluid particles. In this article, the
form of the eddy viscosity coefficient was set as a constant in the
simulation area, and the default value of the program was 0.28.

Roughness of the Bed Bottom
Roughness was one of the main parameters of the hydrodynamic
model. Whether its value was appropriate or not directly
affected the accuracy of the model and played a vital role in
the hydrodynamic model. Therefore, in this study, the change
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in water depth was an important process, and the Manning
coefficient should be selected as the bed bottom roughness. The
land use map was used to refer to the roughness table to extract
the most suitable Manning coefficient map.

Establishment of a MIKE 21 Hydrodynamic Model of
the Yellow River
The main steps for constructing the MIKE 21 hydrodynamic
model include splitting the terrain grid, creating boundary
conditions, calibrating sensitive parameters, and verifying model
results. The terrain grid file (∗. mesh), time series file (∗. dfs0),
result file (∗. dfsu), and control file (∗. m21) were all indispensable
files for building the model.

The quality of terrain meshing directly affects the accuracy of
the simulation results. MIKE Zero’s Mesh Generator was applied
for meshing terrain. The grid generator generates an ASCII file
that includes the geographic coordinates of each grid point,
elevation data, and the topological relationship between the grid
cells. The grid division needs to first determine the simulation
area of the model and the resolution of the terrain grid, and
then, the land boundary and the open boundary were defined.
After the grid division, the existing elevation data were used for
terrain interpolation.

Calibration and Verification of the Model
The model is calibrated using the flow velocity measured in 2015
to determine the simulated flow velocity and water depth. The
simulation time step was 600 s, the roughness coefficient and
Manning coefficient of the water area adopt the default value of
the model, and the roughness coefficient and Manning coefficient
of the reed area assigned according to the relevant research
results. The calibration period and the verification periods were
shown in Table 1, the calibration period was from 01/04/2015 to
01/05/2015, and the verification was divided into the following
two periods: the fish spawning period (15/07/2015 to 14/08/2015)
and flood period (01/09/2015 to 01/10/2015). The calibration
parameters were shown in Table 2. In this study, the fitting
coefficient R2, Nash Sutcliffe (ENS) and the relative error (RE)
between the measured value and the simulated value have been
used to evaluate the simulation accuracy of the model. The value
of ENS was between –∞ and 1. When it closer to 1, the reliability
of the model was higher; when it was much less than 0, the model
result was not credible. The magnitude of R2 determined the close
correlation between measured and simulated values. When R2

was closer to 1, it means that the simulated value was closer to
the measured value, and the error between them was small.

By comparing the simulated flow with the measured flow,
it was found that the fitting coefficient R2 was 0.83–0.96, the
ENS was 0.82–0.95, and the RE was less than ±5% (Table 3).

TABLE 1 | Calibration and verification of MIKE 21 model.

Start time End time Days Target

01/04/2015 01/05/2015 31 Calibration

15/07/2015 14/08/2015 31 Verification

01/09/2015 01/10/2015 31 Verification

TABLE 2 | Parameters setting of MIKE 21 model.

Parameters Value Parameters Value

Simulation
time

01/04/2015–
01/05/2015

Dry and wet water
depth

Dry water depth
0.005 m, wet water

depth 0.1 m

Step 600 s Roughness
coefficient and

Manning coefficient

Spatial variation

Simulation
time steps

4,320 Initial flow velocity
and water depth

380 m; initial flow
velocity was 0

TABLE 3 | Calibration and verification results of the MIKE 21 model.

Sections Periods R2 ENS RE (%)

Lanzhou (LZ) Calibration (14/04/2015) 0.95 0.86 4.7

Verification (03/08/2015) 0.96 0.95 3.0

Verification (25/09/2015) 0.85 0.83 3.0

Longmen (LM) Calibration (14/04/2015) 0.89 0.83 4.9

Verification (03/08/2015) 0.93 0.91 3.4

Verification (25/09/2015) 0.83 0.82 3.4

The verification results are shown in Figure 4. The above
results were generally reasonable. The established calculation
model was consistent with the characteristics of the basin’s flood
evolution, and the model’s calibration parameters could meet the
requirements. The model can be used to evaluate the ecological
water requirement.

Data Source
Meteorological Data
The precipitation, evaporation and wind speed data were
obtained from the China Meteorological Data website,1

specifically, the n/)poration and wind speed data were obtained
from the China Meteorological DatV3.0),” which contained the
daily values pressure, temperature, precipitation, evaporation,
relative humidity, wind direction, wind speed, sunshine hours
and 0 cm ground temperature elements of the 166 stations in
China since January 1951.

Land Use Data
The land use data were obtained based on the actual land
use maps already available for the Yellow River Basin.2 The
land use maps included categories such as dry land, rural
settlements, sandy land, forested land, marshland, lakes, and
other land use types.

The Manning coefficient was a very important parameter
in the hydrodynamic model, and the rationality of its value
directly affected the accuracy of the model simulation results.
To make the results of the model more realistic, it was usually
necessary to select different Manning coefficients as objects of
simulation to determine the appropriate Manning coefficient. In
the HD module of the MIKE 21 hydrodynamic model, a suitable

1http://data.cma.cn/
2http://www.resdc.cn/

Frontiers in Ecology and Evolution | www.frontiersin.org 6 June 2022 | Volume 10 | Article 907162207

http://data.cma.cn/
http://www.resdc.cn/
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-10-907162 June 11, 2022 Time: 14:14 # 7

Zhao et al. Ecological Water Requirement of YR

FIGURE 4 | The verification results of the LM section.

Manning coefficient map was extracted from the land use map to
refer to the roughness table.

DEM Data
The DEM data of the study area were extracted from the existing
DEM database (Geospatial Data Cloud3). The DEM used in this
article had a resolution of 30 m× 30 m.

Hydrological Data and Aquatic Biological Data
The hydrological data (1946–1956) of the study area
were collected from the Yellow River Water Conservancy
Commission.4 The aquatic biological data of the study area were
extracted from the data published in Wu et al. (2006), Huang
et al. (2016), and Wang (2017).

RESULTS AND DISCUSSION

The ecological water requirement in the upper reaches of the
Yellow River was analyzed by selecting the LZ section in the
upper reaches, the LM section in the middle reaches. The runoff
of the QTX reservoir before construction (before 1958) and
WJZ reservoir before construction (before 1994) was regarded
as approximately natural runoff, and the measured daily runoff
characteristics of the section from 1946 to 1956 were counted.
Moreover, S. lanzhouensis was selected as the indicator species
of the LZ section (Figure 5A), and C. carpio was selected as the
indicator species of the LM section (Figure 5B) to simulate the
process of the ecological water requirement in different periods.

The Habitat Distribution of the Main
Stream of the Yellow River
A habitat simulation model was established by the MIKE 21
model to simulate the habitat distribution of S. lanzhouensis in

3http://www.gscloud.cn/
4http://www.yrcc.gov.cn/

different stages under different ecological flows (Figure 6). The
ecological water requirement process was obtained based on the
results of habitat simulation and features of the hydrological
reference group.

A habitat simulation model was established by
using the MIKE 21 model to simulate the habitat

FIGURE 5 | Environmental factors of fish habitat in the Yellow River (Wu et al.,
2006; Huang et al., 2016; Wang, 2017). (A) The environmental factors of
Silurus lanzhouensis habitat in the Yellow River. (B) The environmental factors
of Cyprinus carpio habitat in the Yellow River.

Frontiers in Ecology and Evolution | www.frontiersin.org 7 June 2022 | Volume 10 | Article 907162208

http://www.gscloud.cn/
http://www.yrcc.gov.cn/
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-10-907162 June 11, 2022 Time: 14:14 # 8

Zhao et al. Ecological Water Requirement of YR

FIGURE 6 | The habitat distribution of Silurus lanzhouensis at different flow rates of LZ. (A) Habitat distribution in spawning period. (B) Habitat distribution in growing
period.

distribution of C. carpio at different stages under different
flows (Figure 7). An ecological water requirement
assessment method that coupled the results of habitat

simulation and features of the hydrological reference
group was used to obtain the ecological water
requirement process.
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FIGURE 7 | The habitat distribution of Cyprinus carpio at different stages
under different flows of LM. (A) Habitat distribution in spawning period.
(B) Habitat distribution in growing period.

The Key Features of the Hydrological
Reference Group
The river runoff before the construction of the LJX reservoir
(before 1958), the QTX reservoir (before 1958), the WJZ
reservoir (before 1994) and the SMX reservoir (before 1957)
was approximated as the natural river runoff, and the measured
daily runoff characteristics of the Lanzhou section from 1946 to
1956 were obtained. The characteristic values of the hydrological
reference group mainly focused on the minimum flow and the
high flow pulse.

For the LZ section, under natural conditions, the minimum
flow during the growing period of S. lanzhouensis (July
to October) was 614 m3/s, the minimum flow during the

overwintering period (November-next March) was 206 m3/s, and
the minimum flow during the spawning period (April to June)
was 296 m3/s.

The rising period of the main stream of the Yellow River was
from April to June. The daily average flow process of the Lanzhou
section from 1946 to 1956 showed that the high-flow pulses were
mainly concentrated in April and early to mid-June. Flow events
with a flow rate exceeding 1,180 m3/s (flow rate with a cumulative
frequency of 25% during the flood period in the natural period)
and a duration of more than 3 days are regarded as high flow
pulses. The occurrence of high flow pulses in the LZ and LM
section is shown in Tables 4, 5.

The Ecological Water Requirement
Process of the Main Stream of the Yellow
River
The ecological water requirement process of the key sections of
the main stream of the Yellow River was obtained by coupling the
results of habitat simulation and the features of the hydrological
reference group (Figure 8).

Lanzhou Section
The habitat spread throughout the main trough when the flow
was small, the habitat area gradually decreased as the flow
increased, and the habitat mainly spread in the caves or aquatic
plants on the edge of the water or in the middle of the river
with a suitable flow rate of 300–3,000 m3/s. The spawning season
was from late May to early July, and the suitable flow was 350–
720 m3/s during the spawning season. During the period from
November to the next March, the river mainly provides a winter
habitat for fish, and a flow of 120–200 m3/s could be fully satisfied.

Longmen Section
The habitat spread throughout the main trough when the flow
was small, the habitat area gradually decreased with the increase
in flow, and the habitat gradually concentrated on the edge of
the water area. The back-beach area of the floodplain formed a
suitable habitat, and the suitable flow range was 200–1,800 m3/s.
For the spawning ground, the habitat area increased significantly
when the flow was 300 m3/s during the spawning period (April–
June), which indicated that the river section was suitable for
the spawning of the C. carpio, for which the flow should reach
300 m3/s. During the period from November until the next
March, the river mainly provides a winter habitat for fish, and
a flow of 120–260 m3/s could be fully satisfied. In addition,
considering the actual conditions of the Yellow River water
volume and the demand for fish survival, the minimum flow
condition for meeting the water requirement of C. carpio in the
LM section was approximately 200 m3/s.

The Yellow River is famous for having a small amount of
water and a large amount of sand, and the amount of sediment
transport is an important part of its ecological water requirement.
As shown in Table 6, the suitable flow rates in the growing period
in the LZ and LM section were 300–3,000 and 200–1,800 m3/s;
the suitable flow rates in the spawning period in the LZ and
LM section were 350–720 and 260–400 m3/s; the suitable flow
rates in the overwintering period in the LZ and LM section were
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TABLE 4 | Characteristic values of the high flow pulse of Lanzhou during flood period before 1957.

Index Number Peak flow/(m3/s) Average flow/(m3/s) Duration/days Ascent rate/[m3/(SD)] Decline rate/[m3/(SD)]

Mean 3 2,050 1,493 31 54 71

Max 0 1,250 1,200 4 20 28

Min 1.2 2,225 1,193 9 172 90

1/3 quantile 1 2,295 1,720 7 275 157

2/3 quantile 2 2,350 1,563 14 240 145

TABLE 5 | Characteristic values of the high flow pulse of Longmen during flood period before 1957.

Index Number Peak flow/(m3/s) Average flow/(m3/s) Duration/days Ascent rate/[m3/(SD)] Decline rate/[m3/(SD)]

Mean 2.2 2,060 1,114 11 193 165

Max 5 3,070 1,143 22 407 440

Min 0 1,120 980 4 150 150

1/3 quantile 1 1,220 1,046 7 70 70

2/3 quantile 2 2,070 1,193 12 200 180

FIGURE 8 | The ecological water requirement process of the key sections of the main stream of the Yellow River.

TABLE 6 | The ecological water requirement for main sections of the main stream of the Yellow River.

Sections Ecological flow (m3/s) Ecological flow in sensitive period (m3/s) Ecological water requirement (m3/y)

LZ 290–350 May–June: 350–720 (the spawning pulse: 1,000–1,400);
July–October: flood pulse (1,800–3,300)

9.1 × 109–11 × 109 m3

LM 120–360 April–June: 260–400 (the spawning pulse: 1,000–1,600);
July–October: flood pulse (1,700–2,500)

4.7 × 109–11.3 × 109 m3

The flow during the breeding period should be maintained more than 5 days, the spawning pulse >10 days, and the flood pulse lasts 4–5 days.

120–200 and 120–260 m3/s, and the annual ecological water
requirement of the LZ and LM section was 9.1–11 × 109 and
4.7–11.3× 109 m3, respectively.

According to the comprehensive planning of the Yellow River
Basin approved by the State Council points out that the minimum
ecological water requirement of Longmen section from April to
June was 180 m3/s, and the suitable ecological water requirement
was 240 m3/s (Yellow River Water Resources Commission, 2013).
In addition, it is proposed that the early warning flow of Longmen
section was 100 m3/s, and the minimum ecological flow of
each period obtained in this study was higher than the early

warning flow, and the results of ecological water requirement
were reasonable.

CONCLUSION

To maintain the ecological integrity of the river, a new assessment
method of ecological water requirement was proposed by
coupling the results of habitat simulation with the features
of the hydrological reference group, which was helpful for
quantitatively simulating the changes in the ecological water
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requirement of indicator fish in key sections of the Yellow River,
and it was effective for identifying the variations of the ecological
water requirement.

An ecological hydrological model of the main stream of the
Yellow River was constructed. Five cross-sections of the Yellow
River were selected to construct the eco-hydrological horizontal
pattern of the main stream of the Yellow River according to
the hydrological characteristics of different sections. The effective
habitat area of indicator fish under different characteristic
flows was simulated.

A method for the calculation of ecological water requirement
was proposed, combining habitat simulation results, hydrological
characteristics and the flood pulse. The ecological water
requirement process of indicator fish in the main stream of the
Yellow River was evaluated. The pulse flow process during the
spawning period from April to June was determined based on
the ecological flow elements from the simulation of daily runoff
processes in the LZ and LM sections from 1946 to 1956. For LZ
section, a high pulse flow process with a low flow peak should be
guaranteed in mid- to late May, and the peak flow should be at
least approximately 1,000 m3/s to provide spawning signals for
fish; the peak flow (i.e., from 1,200 to 1,600 m3/s) was 1 to 2
time during the high pulse flow process in May to June. For LM
section, a high pulse flow process with a low flow peak should be
guaranteed in mid- to late April, and the peak flow should be at
least approximately 1,000 m3/s to provide spawning signals for
fish; the peak flow (i.e., from 1,000 to 1,600 m3/s) was 1 to 2 time
during the high pulse flow process in May to June.

According to comprehensive habitat simulation of indicator
fish and the ecological water requirement process based on the
features of the hydrological reference group, the recommended
plans for meeting the ecological water requirement process of
the key sections of the main stream of the Yellow River have
been determined, including the flow peak, distribution time and
duration. The suitable flow rates in the growing period in LZ
and LM were 300–3,000 and 200–1,800 m3/s, respectively. The
suitable flow rates in the spawning period in LZ and LM were
350–720 and 260–400 m3/s, respectively. The suitable flow rates
in the overwintering period in LZ and LM were 120–200 and 120–
260 m3/s, respectively. The annual ecological water requirement
of the LZ, and LM section was 9.1× 109–11× 109 and 7.9× 109–
15.4× 109 m3, respectively.

The approach quantitatively simulated the changes in the
ecological water requirement of indicator fish in key sections of
the Yellow River. The approach was proven to be an effective and
realistic tool for the ecological water requirement accounting in
the Yellow River. Habitat simulation required a large amount of
basic river data and quantitative biological data, which limited
the application of this approach to a certain extent. It is
recommended that the simulation results should be compared
with actual measurement results to verify the reliability and
accuracy of the approach.
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Spatiotemporal Changes in Land Use
and Ecosystem Service Values Under
the Influence of Glacier Retreat in a
High-Andean Environment
Santiago Madrigal-Martínez1*†, Rodrigo J. Puga-Calderón1†, Victor Bustínza Urviola2 and
Óscar Vilca Gómez2

1Dirección de Información y Gestión Del Conocimiento, Instituto Nacional de Investigación en Glaciares y Ecosistemas de
Montaña, Huaraz, Perú, 2Oficina Desconcentrada Macro Región Sur, Instituto Nacional de Investigación en Glaciares y
Ecosistemas de Montaña, Cusco, Perú

Glaciers supply multiple ecosystem services that are threatened by climate change. The
retreat and disappearance of tropical glaciers is an important dynamic that affects
ecosystems and local communities. The knowledge of the impacts of this land-change
dynamics on the supply of ecosystem services is lacking. In that sense, the assessment
developed can provide evidence about the costs and benefits of promoting conservation
and human well-being at the same time. Then, the main objective of this research is to
determine the spatial–temporal changes and their effects on the economic value of
ecosystem services in a glacial retreat environment. We selected the Marangani district
as a study area. It comprises the La Raya Mountain range in the Andes. The assessments
were carried out across two scales of observation: the municipality and the watershed
level. Here, we process spectral information from Landsat Sensor using the Random
Forest algorithm in the Google Earth Engine platform to classify 10 biomes. It was carried
out over more than 30 years (from 1986 to 2019). After that, ecosystem services provided
by the biomes were valued using the transfer method. This research shows that at the
municipality level, almost all the LULCs faced variations over time, and the glaciers had the
highest change, accumulating a ratio of –85.51%, whereas at the watershed level, a higher
tendency of land changes is observed in the areas without glaciers, and those with glacier
areas count on permanent larger bofedales. At the municipality level, the economic value of
ecosystems shows that bofedales and water surfaces are the LULCs that supply the
highest ecosystem services (~33,000 USD ha−1 yr−1 each). In addition, without the inflation
adjustment, the total ESV is on a trajectory of losing ESV (–$9.67 × 106). In the watersheds
with glacier retreat, significant quantity of bofedales and natural grasslands controls the
fluctuations of ESV. These high-mountain watersheds play an essential role in providing
benefits and value to local communities. In general, the municipality level indicates the
trajectory of changes in the district, whereas the watershed scale shows the urgency for
implementing spatial conservation actions.

Keywords: glacier retreat, ecosystem service (ES) values, tropical mountain, high-Andean, land-use and land cover
change, spatial scale, bofedal
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1 INTRODUCTION

Glaciers are retreating and disappearing worldwide (Marzeion et al.,
2014; Zemp et al., 2015), and these processes have been accelerated
globally in the early 21st century (Hugonnet et al., 2021). The causes
are attributed to a combination of several factors related to
anthropogenic and biophysical dynamics (Marzeion et al., 2014;
Veettil and Kamp, 2019). Concretely, in the case of mountain
glaciers, albedo reduction, increasing temperatures, and changing
precipitation are drivers that may have a significant relation to
glacier retreat and mass balance changes (Crossman et al., 2013;
Tang et al., 2013; Zhang et al., 2021). However, the glacier recession
pattern ismore complex at higher elevations of theAndes because it is
likely to be related to other components of the energy balance as net
radiation and ground heat fluxes (Juřicová and Fratianni, 2018). These
causes may have produced a fast retreating of Andean glaciers
(Dussaillant et al., 2019; Hock et al., 2019). The mountain range of
La Raya (the study area), situated northwest of the Peruvian high
plateau, shows an ice area decrease from 11.27 km2 estimated from
aerial photos of 1962 (Hidrandina, 1989) to 1.90 km2 assessed from
Sentinel images of 2016 (INAIGEM, 2018).

Glaciers supply multiple ecosystem services (ESS), mostly
related to the provision, regulation, and maintenance of water
(Cook et al., 2021). Then, the disappearance of glaciers will alter
hydrological regimes in downstream systems (Milner et al.,
2017), which will have consequences on water management,
food and energy security, and environmental management
(Rasul and Molden, 2019). However, rapid melting of glaciers
has a temporary rise in streamflow (Mark and Mckenzie, 2007;
Mark et al., 2009), which added to the increase in precipitation
can hide the impact downstream. Moreover, concerning
biodiversity, responses of ecosystems are diverse and depend
on internal species attributes, local environment, and external
drivers of change (Cauvy-Fraunié and Dangles, 2019). In that
sense, glaciers in the high-Andean mountain ranges can be
associated with sensitive ecosystems such as bofedales (peat
bogs and wetlands). The studies of the effects of glacier retreats
on bofedales indicate a positive relation (Dangles et al., 2017;
Polk et al., 2017), but the knowledge of impacts on the ESS is
limited. Then, the prolonged disappearance of glaciers is a land-
cover change that already has uncertain costs for ecosystem
function and services to human well-being.

Land cover and land use (LULC) change has gained prominence
as the main cause of degradation and change in ecosystems
worldwide (Brandt and Townsend, 2006; Yin et al., 2011; Ektvedt
et al., 2012; Kuemmerle et al., 2016; Quintero-Gallego et al., 2018;
Madrigal-Martínez andMiralles i García, 2019b). LULC changes are
the results of a combination of socio-economic, environmental, and
political factors (Lambin et al., 2003). In the mountain
environments, these changes are often caused by biophysical
factors, land abandonment, deforestation, agricultural expansion,
and urbanization to a lesser extent (Madrigal-Martínez and Miralles
i García, 2019a; Msofe et al., 2019; Jiménez-Olivencia et al., 2021).
Then, mapping the spatiotemporal transitions of LULC is
fundamental to identifying landscape patterns for planning
sustainable ESS (Luck et al., 2012; Chaudhary et al., 2017; Egarter
Vigl et al., 2017; Madrigal-Martínez and Miralles i García, 2019a).

Mapping the spatiotemporal changes of LULC has been
undertaken in several studies using different methodological
approaches, but with the growing use of remote sensing and
geographic information system (GIS) tools (Lu et al., 2004). In the
same way, different types of multisource satellite images and
classification methods have been used, but among all, Random
Forest (RF) is a supervised classifier algorithm broadly used that
performs well (Gislason et al., 2006). These change detection
techniques provide a flexible environment for rapidly developing
image classification and analyzing for changes, maintaining a
satisfactory level of accuracy over the area being classified. In this
context, LULC maps can provide a high capacity for identifying
and explaining the supply of individual ecosystem services
(Burkhard et al., 2009; Koschke et al., 2012).

Knowing the value of ESS is recognized as an essential pathway
to sustainability (Abson et al., 2014). Per se, a suitable assessment is
needed to improve policy and decision-making linked tomanagement
of the territory (Ling et al., 2018; Dang et al., 2021; Selivanov and
Hlaváčková, 2021). Thus, such assessments can provide evidence
about the costs and benefits of promoting conservation and
human well-being at the same time (de Groot et al., 2010). The
monetary value of ecosystem services (ESV) froma global to local scale
is being established to accomplish this goal (Costanza et al., 1997;
Groot et al., 2010; Costanza et al., 2014; de Groot et al., 2020;
Foundation for Sustainable Development, 2021). The benefit
transfer method has the highest worldwide usage frequency for
determining the ESV (Schägner et al., 2013). Its main
improvement is that it offers a relatively quick and low-cost
estimation. However, to our knowledge, studies on spatiotemporal
changes of ESV related to tropical glacier retreat environments have
not been conducted.

Therefore, our studymaps and evaluates the LULC change and
associated ESV across the Marangani district for more than 3 decades
(1987–2019). We performed the assessments across two scales of
observation: the municipality and the watershed level, considering at
least two spatial scales which should assure robustness (Scholes et al.,
2013; Felipe-Lucia et al., 2014; Madrigal-Martínez and García, 2020).
Based on spectral information from Landsat Sensor using the RF
algorithm, we select this district of the higher elevations of the Andes
because it is part of the mountain range of La Raya–an environment
where glaciers are shrinking rapidly (INAIGEM, 2018). The results of
this study provide answers to the following questions: 1) which
spatiotemporal changes on LULC in a territory are under the
influence of glacier retreat? 2) which spatiotemporal changes and
relationships between glaciers and bofedales are at thewatershed level?
3) how do these changes affect the monetary value of ecosystem
services? Then, we discuss the reasons for the main spatiotemporal
and ESV changes and their implications for the socio-ecosystem.

2 MATERIALS AND METHODS

2.1 Study Area
The selected area is the district of Marangani (Canchis, Cusco),
comprised within the Raya Mountain range (Figure 1). It is the
third most populated district of Canchis, and the population at the
end of 2017 was 10,554 (National Institute of Statistics and
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Informatics, 2022). It covers an area of 440.32 km2, comprising
29 watersheds that range from 70 to 0.5 km2 with an average of
15 km2. This landscape is dominated by an expansion of livestock
breeding in the upper lands and farming in the fertile lowlands. It is
typical of many mountain agroecosystems across the world. In that
sense, Marangani has natural grasslands, sparsely vegetated areas,
glaciers upstream, bofedales in the mid-stream, and agricultural land
in the downstream reaches. The most important river is Vilcanota.
The district has a semi-frigid rainy season with a dry winter climate
(58%). Almost 47.63% of the population mainly works in the
agricultural sector (National Institute of Statistics and Informatics,
2022), characterized by annual crops such as alfalfa, bean, potato, and
wheat (National Institute of Statistics and Informatics, 2012). The
natural pastures present in the territory make an optimal fodder for
camelids, sheep, and cattle.

2.2 Spatiotemporal Analysis
2.2.1 Data Sources
This research used two types of data and information (primary
and secondary information). The primary datasets are free and
available on the Google Earth Engine (GEE) platform. The data

acquisition was conducted during the dry season (July and
August). It allowed cloud-free images. The selected years of
the study were based on the period that evidenced the
reduction of glaciers in Cordillera La Raya, around a decade,
and in low-rainfall months. Four specific images from two
Landsat Series were used (Table 1).

We used sort filtering functions about cloud cover for the
select years in GEE. This function allows acquiring smooth
continuous coverage of the scene without clouds. In our study
case, the software gets the first (least cloudy) scene during the
month in the dry season and nearby dates.

The primary dataset used was the atmospherically corrected
Tier 1 TOA reflectance Landsat imagery. Landsat 5 was used for
the first 3 years, while Landsat 8 in 2019. Operating at a spatial
resolution of 30 m from both, we used 11 bands (six bands
referring to the satellite, three bands made from the indices,
and two topographic information bands).

The secondary data for this research were gathered from the Peru
official flora cover map from 2013 (Ministry of Environment, 2015a)
and its report (Ministry of Environment, 2015b). This map was used
and referred together in training and testing samples with the primary
data. The shape files of the study area were obtained publicly from the
online server of the Ministry of Environment.

2.2.2 Land Use/Land Cover Classification
LULC units were delimited using the RF classifier within the GEE
platform. We used 100 trees in the ensemble to improve the
accuracy of the pixel-based supervised classification. For
generating reference data (based on GEE, and Peru official

FIGURE 1 | Study area with elevation and watershed distribution (left), Peru with ESRI′ Standard map (top right). Watersheds: 1. Tañihua stream; 2. Aucara river; 3.
Cantacanta river; 4. Chuabamba stream; 5. Tadiohuayco stream; 6. Llallahui stream; 7. Quiscamayo stream; 8. Quecjra river; 9. Lorocachi stream; 10. Cuyo stream; 11.
Casuira river; 12. Cayco stream; 13. Comayacu stream; 14. Ccatunhuasi stream; 15. Intercuenca 1; 16. Inter-watershed 2; 17. Inter-watershed 3; 18. Inter-watershed 4;
19. Inter-watershed 5; 20. Inter-watershed 6; 21. Inter-watershed 7; 22. Inter-watershed 8; 23. Inter-watershed 9; 24. Inter-watershed 10; 25. Inter-watershed 11;
26. Inter-watershed 12; 27. Inter-watershed 13; 28. Inter-watershed 14; 29. Inter-watershed 15.

TABLE 1 | Landsat series Surface Reflectance data in each year.

Data Acquisition year Band Resolution (meter)

Landsat 5 (TM) 1986 Multispectral 30
Landsat 5 (TM) 1995 Multispectral 30
Landsat 5 (TM) 2007 Multispectral 30
Landsat 8 (OLI/TIRS) 2019 Multispectral 30
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flora cover map), a sampling of training and testing
points—between 7 and 76—were selected of the composite
images to identify the ten LULC classes (Table 2) for 1986,
1995, 2007, and 2019 as feature collection using the geometry
tools and import. To obtain acceptable visual and statistical
results, the script was repeatedly run. Also, the input images
were divided into ten homogenous regions or segments (10 km ×
10 km) and then classified using them. Ten GEE Code Editor
scripts were used for each image to avoid confusion and assist in
processing time (the links to access the script are presented in
Supplementary Table S1). This methodology allows improving
the calculation of RF in each grid and facilitates the analysis of the
coverage generated. However, some biases may exist since the
selection was completed manually based on the available
references. The typology of the LULC classes was adopted
from the Peruvian standardized nomenclature of the Corine
Land Cover (CLC).

Different spectral indices were derived and added as the input
parameters for training. The Normalized Difference Vegetation
Index (NDVI) was used as an indicator of vegetation greenness.
Then, the Modified Normalized Difference Water Index
(MNDWI), a modified version of the Normalized Difference
Water Index, facilitated the recognition of open water bodies
by removing various noises of built-up areas, soil, and vegetation.
The third index, the Normalized Difference Built-up Index
(NDBI), was used to detect built-up areas.

Topographic information such as slope and elevation, derived
from the SRTM (Farr et al., 2007), was also used in the
classification.

Confusion matrices were used for accuracy assessment. The
producer accuracy (PA), user accuracy (UA), overall accuracy
(OA), and Kappa statistics (Kappa) were calculated using the
previously collected samples that were scripted to be randomly
segregated by 70:30 percent for training and testing, respectively.
The four indexes were obtained from the confusion matrix
(Supplementary Table S2). The UA showed the highest
accuracy (100%) for glaciers during the 4 years, whereas the
lowest values (50% in some grids) were for the urban class
between 1986 and 1995. Forest plantations and river courses
showed low accuracy (50 and 56%, respectively) in 2007 and
2019 in some grids. Similarly, PA revealed 96% for the glacier

class, and 20% and 43% (in some grids) for built-up areas. Also, a
similar performance can be seen in the forest plantations and
the river courses classes for the years 2007 and 2019,
respectively. It is due to the small area of these classes that
results in rarer training and testing samples. On the contrary,
the three larger extent classes (natural grasslands, sparsely
vegetated areas, and wetlands) obtained values of UA and PA
that averaged above 80% over the 4 years. The Kappa
coefficients (0.87–0.89) were considered almost in perfect
agreement. The OA indicated that 89–91% of data were
correctly classified.

2.2.3 Land Use/Land Cover Change
Land-use change analyses were conducted at the municipality
and watershed levels. We used the Watershed tool to delimitate
watershed boundaries (Arc Map, 2022). The study calculated the
LULC changes over 33 years (1986–2019) through a transition
matrix obtained after using ArcGIS 10.5 (ESRI, 2019). The
matrices were established for three-time periods (including
1986–1995, 1995–2007, and 2007–2019). Each transition
matrix gathered the quantity of land converted from each
LULC unit to any other in the study periods. Land-use
changes of interest for this research were related to bofedales
and glaciers as fragile ecosystems. These variations were further
calculated, obtaining the intensity as the proportion of area
increased and decreased at the watershed level. This index
gave a relative measure of the land-use change. It was ranked
in five equal intervals representing the intensity of expansion/
contraction of each chosen class at the watershed level.
Complementarily, the land of bofedales and glaciers remaining
in each period was classified with Jenks’s natural breaks.
Furthermore, we performed Pearson’s correlation (r) to assess
the pairwise relations (land decreasing, increasing, and
remaining) among the two classes for the three periods, using
R (R Development Core Team, 2016).

2.3 Assessment of the Economic Value of
Ecosystem Services
To estimate the ESV, we used the benefit transfer method,
transferring available data from previous studies in various

TABLE 2 | Description of LULC classes used in the study.

LULC Class Description

Continuous urban fabric Urban area
Agricultural areas Andean agriculture with mainly seasonal crops
Forest plantation Mainly Eucalyptus species
Natural grassland Herbaceous vegetation consisting mainly of grasses, scrublands, and some scattered shrubby associations
Shrublands Woody and shrubby vegetation of variable composition and structure
Sparsely vegetated areas Low and dispersed vegetation
Glaciers Ice masses that accumulate in the highest floors of the mountain ranges
Peat bogs and high-Andean wetlands Hydrophilic herbaceous vegetation, permanently flooded or saturated with running water. Also knownwith the Spanish term

bofedal
Water courses River
Water bodies Lagoons and lakes
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locations and from different ecosystems globally that have
similitudes with the biomes of the study area. The search was
carried out on the ESV database (Foundation for Sustainable
Development, 2021) and published research (Costanza et al.,
2014; Xie et al., 2017; de Groot et al., 2020) for 38 ecosystem
services and ten biomes. After the search, only values for
23 ecosystem services were found. According to Costanza
et al., (1997), the ESV coefficient (unit values in USD

ha−1 yr−1) of a given LULC was counted as all the ESV for
that LULC. To achieve the total ecosystem service value of
each LULC at the municipality and the watershed level, we
multiply the area of each LULC type at the corresponding
level by the ESV coefficient. Finally, the ESV coefficients were
adjusted using the Consumer Price Index (CPI) obtained from
the website of the World Bank (2022) and applying the inflation
rate formula (Table 3).

TABLE 3 | Different LULC types and ESV coefficient (USD ha−1 yr−1) adjusted by using the CPI in the Marangani district.

LULC Class Equivalent biome 1986 1995 2007 2019

Continuous urban fabric Urban 6,441 6,245 6,503 6,672
Agricultural areas Cultivated areas 3,093 2,992 3,124 3,204
Forest plantations Forest 4,928 4,778 4,976 5,105
Natural grasslands Grass/Rangelands 6,186 5,944 6,248 6,383
Shrublands Woodland and shrubland 5,202 4,855 5,302 5,412
Sparsely vegetated areas Inland Un- or Sparsely Vegetated 321 307 325 333
Glaciers Ice/Rock 4,972 4,565 5,087 5,182
Peat bogs and high-Andean wetlands Wetlands 38,856 37,670 39,229 40,247
Water courses Lakes/Rivers 29,688 28,624 30,015 30,770
Water bodies Lakes/Rivers 38,112 36,358 38,632 39,548

FIGURE 2 | Maps of the spatial distribution of LULC for Marangani municipality over the 4 years.
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3 RESULTS

3.1 Quantification of Land Cover and Land
Use Changes Over Time
The spatiotemporal distribution of LULC of the Marangani
district among the study years revealed some variations
(Figure 2). The precise area of each LULC is shown in
Table 4. Natural grasslands coincided with being the most
abundant class each year, spatially dispersed covering more
than 65% of the landscape. Sparsely vegetated areas delimited
more than 15% of the landscape over time. This LULC is spatially
associated with glaciers in the highland. The third LULC type was
peat bogs and high-Andean wetlands (bofedales) with an average
of 8%, mainly located in the upland depressions. Agricultural
areas (>4%) were evident in the lowland valley around the main
river (Vilcanota river) related to the urban center, the
farmhouses, and even topography. However, shrublands
mainly drew a transitional zone in the lowland that separated
agriculture from the natural grassland. Last, built-up areas, forest
plantations, and water surfaces enclosed less than 1% of the
territory.

The details of LULC changes for 1986–1995, 1995–2007, and
2007–2019 are presented in the transition matrices
(Supplementary Tables S3–S5). In terms of the total area,
4,217 ha (9.6%), 3,999 ha (9.1%), and 3,914 ha (9%) were
transformed in each period, respectively. Two transitions
(>2,900 ha) involved the deterioration and the recovery of
natural grasslands and bofedales during each period. A third
important transition was related to glacier retreat, being more
intense during the first period (543 ha). Another significant
land-use change over time (strongest during the first
period, >300 ha) refers to agricultural expansion, which
implicated the conversion of natural grasslands, bofedales,
and shrublands. Last, the farming land abandonment
represented an increase in shrublands, mainly shown during
the third period (>200 ha).

3.1.1 Landscape Analysis of the Overall Trajectories of
Changes
The LULC changes over time (Table 4) demonstrated some
trajectories at the municipality level. Two classes (natural

grasslands and water bodies) show low variability that
indicates almost no disturbances, whereas water courses
display no clear variations. Four LULC uncovers
consistent patterns of increase influenced by humans at
works dynamics (agriculture, urbanization, and
afforestation) and glacier retreat (sparsely vegetated
areas). In contrast, three classes (among them the fragile
ecosystems like the bofedal and the glacier) have decreased
due to the conversion into grazing and farming lands (for
shrublands and bofedales) and the effects of climate change
(for glaciers).

3.1.2 Watershed-Level Analysis of Changes in the
Fragile Land Cover and Land Use
The intensity of glacier retreat at the watershed level is evidenced
in each period (Figure 3A). No glacier advances are observable.
During the first period, a high average decrease intensity is
registered (60.65%), whereas it is moderate (average of
12.43%) for the others.

Figure 3B illustrates the intensity of land increase and
decrease for bofedales in each period. The spatial distribution
shows a higher tendency of land changes at the watersheds
without glaciers. It may be possible because the glaciers
provide a water flow that stabilizes the fluctuations
(appearance balance) of the bofedales. In that sense, the
watersheds with glacier areas count on permanent larger
bofedales (Supplementary Figure S1).

At the watershed level, the relationships among the two
fragile LULC changed over time (Supplementary Table S6). In
terms of both the type of relationship and its strength, glaciers’
decrease over time is negatively related to bofedales
decreasing, whereas bofedal increase showed a positive
correlation (for the first period) and negative during the
other periods, but nonsignificant for all the relationships.
Bofedal increase showed a consistent and significant
negative relationship with bofedal decrease in the first
period but varied from a significant positive correlation
coefficient of 0.51 in the second period to a nonsignificant
coefficient of 0.21 in the final period. The relationship among
the areas of both classes remaining over time is significant and
positive.

TABLE 4 | Area of the different LULC classes for the 4 years.

1986 1995 2007 2019

LULC class ha % ha % ha % ha %
Continuous urban fabric 21 0.05 24 0.1 49 0.1 71 0.2
Agricultural areas 1,481 3.4 1772 4.0 1860 4.2 1851 4.2
Forest plantation 6 0.01 28 0.1 36 0.1 164 0.4
Natural grassland 29,872 67.8 29,352 66.7 30,054 68.3 30,152 68.5
Shrublands 1,402 3.2 1,145 2.6 1,013 2.3 1,069 2.4
Sparsely vegetated areas 6,691 15.2 7,451 16.9 7,033 16.0 7,155 16.2
Glaciers 897 2.0 353 0.8 246 0.6 130 0.3
Peat bogs and high-Andean wetlands 3,419 7.8 3,656 8.3 3,521 8.0 3,242 7.4
Water courses 87 0.2 72 0.2 65 0.1 41 0.1
Water bodies 157 0.4 179 0.4 154 0.3 157 0.4
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3.2 Valuation of Ecosystem Services of the
Marangani District
The search of 38 ecosystem service values for the ten study area
biomes resulted in 23 ESVs found (Supplementary Table S7).
The values (Supplementary Table S8) focused on provisioning
(5), regulating (12), and cultural services (6) that are classified in
the MEA (Millennium Ecosystem Assessment, 2005). This last group
of services provides the highest total economic value (74,260.98 USD
ha−1 yr−1), mainly due to the value of recreation (57,248.23 USD
ha−1 yr−1), while regulating and provisioning afford lower values
(35,356.34 and 33,124.41 USD ha−1 yr−1), being the value of
regulation of extreme events and the provision of habitat for
wildlife species (9,634.75 and 18,444.80 USD ha−1 yr−1) those who
contribute most in each category. Bofedales and water surfaces are the
LULCs that supply the highest ESV (~33,000 USD ha−1 yr−1 each),
mainly because of the value of the habitat for wildlife species, erosion
prevention, regulation of extreme events, and recreation. However,
human-related areas retain values that range between 3,211.69 and
6,687.02 USD ha−1 yr−1 due to the provision of food production,
recreation, and air quality regulation.

3.2.1 Ecosystem Service Values at the Municipality
Level
The total ESV at the municipality level shifted from $344.85 × 106

in 1986 to $346.51 × 106 in 2019 (Table 5). Practically, there is a
slightly positive change (+$1.66 × 106), but it is observed that
without the inflation adjustment, the district is on a trajectory of

losing ESV (−$9.67 × 106). It is mainly due to the decrease in the
area of glaciers and bofedales. The bofedal is one of the main
classes supplying ESV (from $132.85 × 106 in 1986 to $125.97 ×
106 in 2019), although the value of glaciers is lower ($4.46 × 106 in
1986), and its conversion to bared areas signifies a substantial
decrease of $3.67 × 106 in 2019. However, the highest supply of
ESV corresponds to natural grasslands (attributed to its high
extension), although its value is rather constant, resulting only in
an increase of 1% (+$1.73 × 106) during the study period.
Furthermore, agricultural areas and forest plantations
increased the ESV from 4.58 × 106 to 5.72 × 106 and 0.03 ×
106 to 0.81 × 106, respectively. These escalations are not enough to
achieve a positive overall rate at the municipality level.

3.2.2 Ecosystem Service Values at the Watershed
Level
The supply of ESV changed (decreased and increased) during the
study period at the watershed level (Figure 4). The extreme
changes in the economic value of the ecosystem services of the
watersheds in the study area are mainly caused by considerable
increase or decrease of the bofedales. For example, between
1986 and 1995, a severe ESV reduction in watersheds 16, 23,
and 28 was observed. It is mainly due to the conversion of
bofedales into agricultural areas. Similarly, it occurs in the
comparison of the period 2007–2019. On the contrary, land
abandonment facilitates the increase of bofedales between
1995 and 2007, showing better valuation. The watersheds with
glaciers (numbers 2, 3, 7, and 8) did not experience a severe

FIGURE 3 | Land decrease intensity of the glaciers (A) and the land decrease/increase intensity of the bofedales (B.1,B.2) at the watershed level in the Marangani
district over the three periods.

Frontiers in Environmental Science | www.frontiersin.org July 2022 | Volume 10 | Article 9418877

Madrigal-Martínez et al. Glacier Retreat and Ecosystem Service Values

221

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


change in ESV. Although the glacial retreat is probed, the loss of
ESV is neutralized by the considerable proportions of bofedales
and high Andean grasslands. The slight variation of these
biophysical structures produces a low ESV variability through
the years.

4 DISCUSSION

4.1 Land Cover and Land Use Changes
During More Than Three Decades has
Diverse Implications on the Landscape
At the municipality level, almost all the LULCs faced variations
over the study period of 33 years (Table 4). It should be noted that
glaciers—as fragile ecosystems perturbed by climate change—had

the highest change (accumulated ratio of −85.51%), which agreed
with studies in the Himalayas (e.g., −23.8% and −35%, Rai et al.,
2018; Shrestha et al., 2019). However, Andean glaciers seem to be
under critical conditions that accelerate their disappearance
(Juřicová and Fratianni, 2018; Vicente-Serrano et al., 2018). In
the Marangani district, this situation reached its peak between the
first period (1986–1995, ratio of −60.65%). It can be explained by
the very strong ENSO warm events between 1987 and 1992
(Gergis and Fowler, 2009), which are related to the annual
glacier mass balance (Wagnon et al., 2001). Consequently, the
current ice loss in the study area signifies a variability of water
availability on downstream socio-ecosystems that may impact
agricultural irrigation of permanent crops and human-domestic
use. In that sense, the cropland and the bofedales have shown a
moderate increasing trend over the first period that may be driven
by the increase of the population (National Institute of Statistics

TABLE 5 | ESV of each LULC at the municipality level between 1986 and 2019 and the overall trajectory of change. The values in parentheses represent the adjustment by
the inflation. Top arrow for the increase and down arrow for decrease. NC = no change. Trajectories in parentheses include values from inflation adjustment.

LULC Class ESV (106$)

1986 1995 2007 2019

Trajectory of change

Continuous Urban Fabric 0.14 0.15 (0.15) 0.32 (0.32) 0.46 (0.47) ↑ (↑)
Agricultural areas 4.58 5.48 (5.30) 5.75 (5.81) 5.72 (5.93) ↑ (↑)
Forest plantations 0.03 0.14 (0.13) 0.18 (0.18) 0.81 (0.84) ↑ (↑)
Natural grasslands 184.79 181.57 (174.46) 185.92 (187.79) 186.52 (192.48) NC (↑)
Shrublands 7.29 5.96 (5.56) 5.27 (5.37) 5.56 (5.79) ↓ (NC)
Sparsely vegetated areas 2.15 2.39 (2.29) 2.25 (2.28) 2.29 (2.38) NC (NC)
Glaciers 4.46 1.76 (1.61) 1.22 (1.25) 0.65 (0.67) ↓ (↓)
Peat bogs and high-Andean wetlands 132.85 142.06 (137.72) 136.81 (138.12) 125.97 (130.48) ↓ (↓)
Water courses 2.58 2.14 (2.06) 1.93 (1.95) 1.22 (1.26) ↓ (↓)
Water bodies 5.98 6.82 (6.51) 5.87 (5.95) 5.98 (6.21) NC (NC)

Total 344.85 348.46 (335.80) 345.52 (349.03) 335.18 (346.51) ↓ (NC)

FIGURE 4 | Spatial distribution of ESV increase and decrease (A) and adjusted by the inflation (B) at the watershed level in the Marangani district over the three
periods (ESV units in 103$).
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and Informatics) and the water supply from glaciers, respectively,
while for the second and third periods, agricultural frontier
expansion showed a deceleration influenced by a decrease in
the population. This decline overlaps with the displacement by
domestic terrorism in the second period (Transfer Commission,
2014) and internal migration by work opportunities in the third
(Bergmann et al., 2021). However, existing farmland
abandonment is very low, but if this land-change dynamic
continues, it can lead to risks associated with land degradation
(Narendra Raj and Teiji, 2006). Furthermore, during the last two
periods, the bofedales faced a reduction coexisting with a decline
of the melting of glaciers, causing augmentation of natural
grassland, sparsely vegetated areas, and the conversion by
humans at work activities as agricultural land and forest
plantation.

At the watershed level, the study observes a higher tendency of
land changes in the territory without glaciers, and those with
glacier areas count on permanent larger bofedales. Then, glaciers
provide a water flow that stabilizes the fluctuations (appearance
balance) of the bofedales. This biome is considered sensitive to
changes in extreme rainfall and glacial meltwater supply (Dangles
et al., 2017). The main reason is that perennial bofedales are
connected to the hydrological cycle through runoff generated by
melting glaciers, while temporal wetlands depend directly on
precipitation (Otto et al., 2011). It suggests that the total
disappearance of the glaciers in the study area would cause the
main water supply contribution by snow melting and rainfall. In
this case, the mountain depositional landforms—glacial rocks
immersed in the biome of the sparsely vegetated area—will
constitute effective water distribution and storage. This
function has an operation in the short and intermediate-term
(Reato et al., 2021). It may cause a predominance of temporal
bofedales. This condition could have a possible variation in the
benefits provided by ecosystem services in the same biome for the
different compositions of species. In general, temporal bofedales
(mainly species of the Poaceae family) provide food for raising
animals and wildlife during the flood season, whereas perennial
bofedales (mainly cushion-forming species) accumulate organic
soil, forage, and water storage also in the dry season (Cooper et al.,
2010; Ruthsatz, 2012). In this last service, the hydrological
importance enables change in the water flow paths and
discharge velocity (Otto et al., 2011). In addition, perennial
wetlands provide vital habitats for wildlife and extensive
grazing of camelids (Loza Herrera et al., 2015; Dangles et al.,
2017).

4.2 The Economic Value of Ecosystem
Services in an Environment of Glaciers
Retreat Is in Decline
For the first time, the results presented here (Table 5) calculated
the spatiotemporal changes of ESV in an environment of tropical
glacier retreat. Concretely, the territory is on a trajectory of losing
ESV appreciated in the scenario without inflation adjustment.
This degradation is mainly due to reduction of provisioning and
regulating services provided by the bofedales and the glaciers. The
disappearance of these services not only has implications for a

direct economic loss but also, in the case of the reduction of the
flood protection provided by the glaciers, can pose the risk of
dangerous glacial outburst floods on downstream communities
that may lead to catastrophic economic damages (Chen et al.,
2022). At the same time, the disappearance of bofedales
endangers the regulation of extreme events that can increase
these impacts. Likewise, the augmentation of water erosion,
induced by the decline of bofedales, may affect negatively food
security and natural resource management practices, principally
in the poorest societies (Sartori et al., 2019), such as the study
area. In the same way, the drop in water supply amplified by the
reduction of both fragile ecosystems may affect livestock
production, irrigated agriculture, availability and quality of
water for human consumption, and generation of
hydroelectricity (Carey et al., 2016), increasing the economic
losses in the territory. Biophysical processes and human activities
are the highest threats and causes of this situation. The ESV
supplied by the human-related classes is in a crescendo, whereas
the natural and semi-natural classes are losing their capital. This
may result in a critical situation since the growth of provisioning
services provided by agricultural development is at the expense of
regulating services like water flow regulation and erosion
prevention. This trajectory of ecosystem services is
characteristic in mountain environments (Locatelli et al., 2017;
Madrigal-Martínez and Miralles i García, 2019a).

At the watershed level, the variation of ESV is mainly
influenced by the changes of bofedales into farming and
grasslands. These changes harm the value of regulation
services. However, the value of provisioning services like
habitat for wildlife species, genetic libraries, livestock
production, and raw materials increased due to expansion of
pastures. In general, the economic value of these provisioning
services could be underestimated by the global sources researched
by Costanza et al. (2014) because the principal cattle in the study
area are llamas, alpacas, and vicuñas (National Institute of
Statistics and Informatics, 2012). These two last species are
considered of great interest for their finest fibers worldwide
and are used for luxury costumes (Vilá and Arzamendia, 2020;
Zarrin et al., 2020). In the same way, the production of meat from
llamas and alpacas has interesting value for their use as a principal
protein source for Andean rural communities (Pérez et al., 2000);
and their healthy characteristics (low in fat and cholesterol) make
them attractive for local and international markets, signifying an
important income for small- and medium-scale local producers
(Mamani-Linares and Gallo, 2014). Moreover, llamas have
smaller and simpler nanobodies beneficial for human
immunology and therapeutic applications (Wesolowski et al.,
2009). Furthermore, although the density of alpacas in the study
area is high (123 alpacas km−2), according to the levels established
in other locations (Muñoz et al., 2015), biodiversity conservation
is guaranteed with appropriate management practices (Alkemade
et al., 2013).

In the watersheds with glacier retreat, the significant quantity
of bofedales and natural grasslands controls the fluctuations of
ESV. It is a consequence of the extension of grasslands that varies
between 48 and 72.2% and the bofedales between 5.5 and 12%.
Then, these watersheds still have an advantage from the water
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flow of glaciers and supply multiple provisioning and regulating
services such as water yield, habitat for wildlife species, food
production, carbon sequestration, erosion control, soil
fertility, and regulation of extreme events. Therefore, these
high-mountain watersheds play an essential role as hotspots of
ecosystem services, giving benefits and value to local
communities. The identification of ES hotspots guides the
prioritization of areas for conservation (Li et al., 2017). In
that sense, ES hotspot maps have potential benefits that can be
transmitted to stakeholders to improve management planning
(Hauck et al., 2013). Also, the implication of knowing this
information provides a scientific basis for making relevant
decisions in a territory (Li et al., 2022). Consequently, these ES
hotspot watersheds should get the priority of being
strategically managed for maintaining their essential
ecosystems. So, understanding the relationship between
nature and people in mountain socio-ecological systems is
significant for planning sustainable development strategies
(Madrigal-Martínez and Miralles i García, 2019b; Payne
et al., 2020), including conservation strategies at different
spatial levels, such as prioritizing the small wetlands of
these watersheds, according to Otto and Gibbons (2017).

4.3 Methodological Limitations of the Study
In this study, the analyses presented should be understood as
using the best existing data of acceptable quality to admit robust
evidence. Even so, the procedures used in processing satellite
images may have a situation of some biome coverage. It is mainly
related to four factors: 1) the definition of biome classes, 2)
reliability of Landsat images with their limitations of the sensor
used, 3) auxiliary variables in the classification, and 4) validated
data and no clarity of training (Calderón-Loor et al., 2021). The
selection of the training points was based on the national
vegetation coverage map (Ministry of Environment, 2015b).
Also, to best interpret the satellite image, the authors made an
expert judgment. In that sense, subjectivity at the decision point
regarding the pixel classification could cause statistical noise in
the training and validation data. However, this noise in the final
categorization could have a low effect on the final product (Zhu
et al., 2016). In addition, the research applied the transfer method
of benefits for valuation ecosystem services. Despite the benefits,
it has several limitations that imply transfer errors from
generalization (Schmidt et al., 2016). However, it has been
taken into account that the extrapolation of the valuation is in
similar geographies.

5 CONCLUSION

This research develops for the first time a study about the land-
use changes and their implications on the economic value of
ecosystem services under the influence of glacier retreat in a
tropical mountain environment. Also, our research has provided
a procedure using satellite images that obtains a robust
classification as a base for the estimation of ESV, which can
be applied to other areas and contexts. The research utilizes two
scales of observation, the municipality and the watershed level,

for 33 years. In that sense, the analysis uncovered consistent
differences that define the results depending on the scale. In
general, the municipality level indicates the trajectory of changes
in the district, while the watershed scale shows the urgency for
implementing 1) measures to moderate the severe impacts on the
landscape or 2) management actions for improving the spatial
conservation of ecosystems. At the municipality level, the
territory suffers trade-offs mainly in the supply of regulating
services, declining the total monetary value. At the watershed
level, the trade-offs are more evident in the areas without glaciers,
and an economic balance over time is maintained in the
landscapes with glaciers.

Bofedales and glaciers are fragile ecosystems that play an
essential role in supplying regulating and provisioning
services benefiting the socio-ecosystem. However, these
ecosystems are being impacted over time, gathering a loss
of ESV. Biophysical dynamics are diminishing glaciers and, in
a lesser measurement, the bofedales, while for the latter, the
increase of human activity is also a threat, mostly causing the
trade-off between provisioning services and regulating services
such as water flow regulation and erosion prevention. It is
worth noting that during the study period, the glaciers were
continuously shrinking, and their spatial–temporal changes
had direct implications on the increase of bare land. However,
they still have positive effects on downstream ecosystems such
as bofedales but negative on the total economic value due to the
reduction of their capability to supply water-related services.
In addition, future studies should focus on a much more
exhaustive LULC classification to improve the results
reached in this research. It means including perennial and
temporary bofedales and open and close natural grasslands.
Likewise, knowing how spatiotemporal changes affect the
quality and amount of ESS in this type of environment is
an important issue. Last, the relationship between the
trajectories of glaciers, bofedales, and ESV needs to be
researched deeply, incorporating similar scenarios to find
more robust spatial–temporal patterns.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material; further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

Conceptualization, SM-M and RP-C; methodology, SM-M
and RP-C; software, RP-C; validation, SM-M, VB and OV;
formal analysis, SM-M; investigation, SM-M; resources, SM-
M; data curation, SM-M; writing—original draft
preparation, SM-M and RP-C; writing—review and
editing, SM-M and RP-C; visualization, SM-M;
supervision, SM-M, VB; funding acquisition, VB and OV.
All authors have read and agreed to the published version of
the manuscript.

Frontiers in Environmental Science | www.frontiersin.org July 2022 | Volume 10 | Article 94188710

Madrigal-Martínez et al. Glacier Retreat and Ecosystem Service Values

224

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


FUNDING

This research was funded by Instituto Nacional de
Investigación en Glaciares y Ecosistemas de Montaña
(INAIGEM).

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fenvs.2022.941887/
full#supplementary-material

REFERENCES

Abson, D. J., von Wehrden, H., Baumgärtner, S., Fischer, J., Hanspach, J., Härdtle,
W., et al. (2014). Ecosystem Services as a Boundary Object for Sustainability.
Ecol. Econ. 103, 29–37. doi:10.1016/j.ecolecon.2014.04.012

Alkemade, R., Reid, R. S., van den Berg, M., de Leeuw, J., and Jeuken, M. (2013).
Assessing the Impacts of Livestock Production on Biodiversity in Rangeland
Ecosystems. Proc. Natl. Acad. Sci. U.S.A. 110, 20900–20905. doi:10.1073/PNAS.
1011013108

ArcMap (2022). ArcMap 10.8 How Watershed Works. Documentation. Available
at: https://desktop.arcgis.com/en/arcmap/latest/tools/spatial-analyst-toolbox/
how-watershed-works.htm (Accessed February 24, 2022).

Bergmann, J., Vinke, K., Fernández Palomino, C. A., Gornott, C., Gleixner, S.,
Laudien, R., et al. (2021). Assessing the Evidence: Climate Change and Migration
in Peru. Potsdam Institute for Climate Impact Research (PIK) and International
Organization for Migration (IOM): Geneva.

Brandt, J. S., and Townsend, P. A. (2006). Land Use - Land Cover Conversion,
Regeneration and Degradation in the High Elevation Bolivian Andes. Landsc.
Ecol. 21, 607–623. doi:10.1007/s10980-005-4120-z

Burkhard, B., Kroll, F., Müller, F., and Windhorst, W. (2009). Landscapes’
Capacities to Provide Ecosystem Services - A Concept for Land-Cover
Based Assessments. Landsc. Online 15, 1–22. doi:10.3097/LO.200915

Calderón-Loor, M., Hadjikakou, M., and Bryan, B. A. (2021). High-resolution
Wall-To-Wall Land-Cover Mapping and Land Change Assessment for
Australia from 1985 to 2015. Remote Sens. Environ. 252, 112148. doi:10.
1016/j.rse.2020.112148

Carey, M., Molden, O. C., Rasmussen, M. B., Jackson, M., Nolin, A. W., and Mark,
B. G. (2016). Impacts of Glacier Recession and Declining Meltwater on
Mountain Societies. Ann. Am. Assoc. Geogr. 107, 350–359. doi:10.1080/
24694452.2016.1243039

Cauvy-Fraunié, S., and Dangles, O. (2019). A Global Synthesis of Biodiversity
Responses to Glacier Retreat. Nat. Ecol. Evol. 3, 1675–1685. doi:10.1038/
s41559-019-1042-8

Chaudhary, S., Tshering, D., Phuntsho, T., Uddin, K., Shakya, B., and Chettri, N.
(2017). Impact of Land Cover Change on a Mountain Ecosystem and its
Services: Case Study from the Phobjikha Valley, Bhutan. Ecosyst. Health
Sustain. 3, 1393314. doi:10.1080/20964129.2017.1393314

Chen, H., Zhao, J., Liang, Q., Maharjan, S. B., and Joshi, S. P. (2022). Assessing the
Potential Impact of Glacial Lake Outburst Floods on Individual Objects Using a
High-Performance Hydrodynamic Model and Open-Source Data. Sci. Total
Environ. 806, 151289. doi:10.1016/J.SCITOTENV.2021.151289

Cook, D., Malinauskaite, L., Davíðsdóttir, B., and Ögmundardóttir, H. (2021). Co-
production Processes Underpinning the Ecosystem Services of Glaciers and
Adaptive Management in the Era of Climate Change. Ecosyst. Serv. 50, 101342.
doi:10.1016/j.ecoser.2021.101342

Cooper, D. J., Wolf, E. C., Colson, C., Vering, W., Granda, A., and Meyer, M.
(2010). Alpine Peatlands of the Andes, Cajamarca, Peru. Arct. Antarct. Alp. Res.
42, 19–33. doi:10.1657/1938-4246-42.1.19

Costanza, R., d’Arge, R., de Groot, R., Farber, S., Grasso, M., Hannon, B., et al.
(1997). The Value of the World’s Ecosystem Services and Natural Capital.
nature 387, 253–260. doi:10.1038/387253a0

Costanza, R., de Groot, R., Sutton, P., van der Ploeg, S., Anderson, S. J.,
Kubiszewski, I., et al. (2014). Changes in the Global Value of Ecosystem
Services. Glob. Environ. Change 26, 152–158. doi:10.1016/J.GLOENVCHA.
2014.04.002

Crossman, J., Futter, M. N., andWhitehead, P. G. (2013). The Significance of Shifts
in Precipitation Patterns: Modelling the Impacts of Climate Change and Glacier
Retreat on Extreme Flood Events in Denali National Park, Alaska. PLOS ONE 8,
e74054. doi:10.1371/JOURNAL.PONE.0074054

Dang, A. N., Jackson, B. M., Benavidez, R., and Tomscha, S. A. (2021). Review of
Ecosystem Service Assessments: Pathways for Policy Integration in Southeast
Asia. Ecosyst. Serv. 49, 101266. doi:10.1016/J.ECOSER.2021.101266

Dangles, O., Rabatel, A., Kraemer, M., Zeballos, G., Soruco, A., Jacobsen, D., et al.
(2017). Ecosystem Sentinels for Climate Change? Evidence of Wetland Cover
Changes over the Last 30 Years in the Tropical Andes. PLoS ONE 12, e0175814.
doi:10.1371/journal.pone.0175814

de Groot, R. S., Alkemade, R., Braat, L., Hein, L., and Willemen, L. (2010).
Challenges in Integrating the Concept of Ecosystem Services and Values in
Landscape Planning, Management and Decision Making. Ecol. Complex. 7,
260–272. doi:10.1016/j.ecocom.2009.10.006

de Groot, R., Brander, L., Solomonides, S., McVittie, A., Eppink, F., Sposato, M.,
et al. (2020). Ecosystem Services Valuation Database (ESVD) Update of Global
Ecosystem Service Valuation Data. Available at: https://www.es-partnership.
org/wp-content/uploads/2020/08/ESVD_Global-Update-FINAL-Report-June-
2020.pdf (Accessed March 8, 2022).

Dussaillant, I., Berthier, E., Brun, F., Masiokas, M., Hugonnet, R., Favier, V., et al.
(2019). Two Decades of Glacier Mass Loss along the Andes. Nat. Geosci. 12,
802–808. doi:10.1038/s41561-019-0432-5

Egarter Vigl, L., Tasser, E., Schirpke, U., and Tappeiner, U. (2017). Using LandUse/
land Cover Trajectories to Uncover Ecosystem Service Patterns across the Alps.
Reg. Environ. Change 17, 2237–2250. doi:10.1007/s10113-017-1132-6

Ektvedt, T. M., Vetaas, O. R., and Lundberg, A. (2012). Land-cover Changes during
the Past 50 Years in the Semi-arid Tropical Forest Region of Northern peru.
Erdkunde 66, 57–75. doi:10.3112/erdkunde.2012.01.05

ESRI (2019). ArcGIS Desktop: Release 10.5. Redlands CA: Environmental Systems
Research Institute. doi:10.1209/epl/i2001-00551-4

Farr, T. G., Rosen, P. A., Caro, E., Crippen, R., Duren, R., Hensley, S., et al. (2007).
The Shuttle Radar Topography Mission. Rev. Geophys. 45, 2004. doi:10.1029/
2005RG000183

Felipe-Lucia, M. R., Comín, F. A., and Bennett, E. M. (2014). Interactions Among
Ecosystem Services across Land Uses in a Floodplain Agroecosystem. Ecol. Soc.
19, art20. doi:10.5751/ES-06249-190120

Foundation for Sustainable Development (2021). ESVD Version 1.0. Available at:
https://www.esvd.net/esvd (Accessed April 10, 2022).

Gergis, J. L., and Fowler, A. M. (2009). A History of ENSO Events since A.D. 1525:
Implications for Future Climate Change. Clim. Change 92, 343–387. doi:10.
1007/s10584-008-9476-z

Gislason, P. O., Benediktsson, J. A., and Sveinsson, J. R. (2006). Random Forests for
Land Cover Classification. Pattern Recognit. Lett. 27, 294–300. doi:10.1016/j.
patrec.2005.08.011

Groot, R. d., Fisher, B., Christie, M., Aronson, J., Braat, L., Gowdy, J., et al. (2010).
Chapter 1 Integrating the Ecological and Economic Dimensions in Biodiversity
and Ecosystem Service Valuation. TEEB. Available at: http://doc.teebweb.org/
wp-content/uploads/Study and Reports/Reports/Ecological and Economic
Foundations/TEEB Ecological and Economic Foundations report/TEEB
Foundations.pdf (Accessed August 22, 2017).

Hauck, J., Görg, C., Varjopuro, R., Ratamäki, O., Maes, J., Wittmer, H., et al. (2013).
"Maps Have an Air of Authority": Potential Benefits and Challenges of
Ecosystem Service Maps at Different Levels of Decision Making. Ecosyst.
Serv. 4, 25–32. doi:10.1016/j.ecoser.2012.11.003

Hidrandina (1989). Inventario de Glaciares del Perú. 2da Parte. Huaraz:
CONCYTEC.

Hock, R., Rasul, G., Adler, C., Cáceres, B., Gruber, S., Hirabayashi, Y., et al. (2019).
“High Mountain Areas,” in The Ocean and Cryosphere in a Changing Climate.
Editor H. O. Po€rtner (Cambridge: Cambridge University Press), 131–202.
doi:10.1017/9781009157964.004

Hugonnet, R., McNabb, R., Berthier, E., Menounos, B., Nuth, C., Girod, L., et al.
(2021). Accelerated Global Glacier Mass Loss in the Early Twenty-First
Century. Nature 592, 726–731. doi:10.1038/s41586-021-03436-z

Frontiers in Environmental Science | www.frontiersin.org July 2022 | Volume 10 | Article 94188711

Madrigal-Martínez et al. Glacier Retreat and Ecosystem Service Values

225

https://www.frontiersin.org/articles/10.3389/fenvs.2022.941887/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fenvs.2022.941887/full#supplementary-material
https://doi.org/10.1016/j.ecolecon.2014.04.012
https://doi.org/10.1073/PNAS.1011013108
https://doi.org/10.1073/PNAS.1011013108
https://desktop.arcgis.com/en/arcmap/latest/tools/spatial-analyst-toolbox/how-watershed-works.htm
https://desktop.arcgis.com/en/arcmap/latest/tools/spatial-analyst-toolbox/how-watershed-works.htm
https://doi.org/10.1007/s10980-005-4120-z
https://doi.org/10.3097/LO.200915
https://doi.org/10.1016/j.rse.2020.112148
https://doi.org/10.1016/j.rse.2020.112148
https://doi.org/10.1080/24694452.2016.1243039
https://doi.org/10.1080/24694452.2016.1243039
https://doi.org/10.1038/s41559-019-1042-8
https://doi.org/10.1038/s41559-019-1042-8
https://doi.org/10.1080/20964129.2017.1393314
https://doi.org/10.1016/J.SCITOTENV.2021.151289
https://doi.org/10.1016/j.ecoser.2021.101342
https://doi.org/10.1657/1938-4246-42.1.19
https://doi.org/10.1038/387253a0
https://doi.org/10.1016/J.GLOENVCHA.2014.04.002
https://doi.org/10.1016/J.GLOENVCHA.2014.04.002
https://doi.org/10.1371/JOURNAL.PONE.0074054
https://doi.org/10.1016/J.ECOSER.2021.101266
https://doi.org/10.1371/journal.pone.0175814
https://doi.org/10.1016/j.ecocom.2009.10.006
https://www.es-partnership.org/wp-content/uploads/2020/08/ESVD_Global-Update-FINAL-Report-June-2020.pdf
https://www.es-partnership.org/wp-content/uploads/2020/08/ESVD_Global-Update-FINAL-Report-June-2020.pdf
https://www.es-partnership.org/wp-content/uploads/2020/08/ESVD_Global-Update-FINAL-Report-June-2020.pdf
https://doi.org/10.1038/s41561-019-0432-5
https://doi.org/10.1007/s10113-017-1132-6
https://doi.org/10.3112/erdkunde.2012.01.05
https://doi.org/10.1209/epl/i2001-00551-4
https://doi.org/10.1029/2005RG000183
https://doi.org/10.1029/2005RG000183
https://doi.org/10.5751/ES-06249-190120
https://www.esvd.net/esvd
https://doi.org/10.1007/s10584-008-9476-z
https://doi.org/10.1007/s10584-008-9476-z
https://doi.org/10.1016/j.patrec.2005.08.011
https://doi.org/10.1016/j.patrec.2005.08.011
http://doc.teebweb.org/wp-content/uploads/Study%20and%20Reports/Reports/Ecological%20and%20Economic%20Foundations/TEEB%20Ecological%20and%20Economic%20Foundations%20report/TEEB%20Foundations.pdf
http://doc.teebweb.org/wp-content/uploads/Study%20and%20Reports/Reports/Ecological%20and%20Economic%20Foundations/TEEB%20Ecological%20and%20Economic%20Foundations%20report/TEEB%20Foundations.pdf
http://doc.teebweb.org/wp-content/uploads/Study%20and%20Reports/Reports/Ecological%20and%20Economic%20Foundations/TEEB%20Ecological%20and%20Economic%20Foundations%20report/TEEB%20Foundations.pdf
http://doc.teebweb.org/wp-content/uploads/Study%20and%20Reports/Reports/Ecological%20and%20Economic%20Foundations/TEEB%20Ecological%20and%20Economic%20Foundations%20report/TEEB%20Foundations.pdf
https://doi.org/10.1016/j.ecoser.2012.11.003
https://doi.org/10.1017/9781009157964.004
https://doi.org/10.1038/s41586-021-03436-z
https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


INAIGEM (2018). Inventario nacional de glaciares. Las cordilleras glaciares del
Perú. Huaraz: Insituto Nacional de Investigación en Glaciares y Ecosistemas de
Montaña Huaraz.

Jiménez-Olivencia, Y., Ibáñez-Jiménez, Á., Porcel-Rodríguez, L., and Zimmerer, K.
(2021). Land Use Change Dynamics in Euro-Mediterranean Mountain
Regions: Driving Forces and Consequences for the Landscape. Land Use
Policy 109, 105721. doi:10.1016/J.LANDUSEPOL.2021.105721

Juřicová, A., and Fratianni, S. (2018). Climate Change and its Relation to the
Fluctuation in Glacier Mass Balance in the Cordillera Blanca, Peru: A Review.
Acta Univ. Carol. Geogr. 53, 106–118. doi:10.14712/23361980.2018.10

Koschke, L., Fürst, C., Frank, S., and Makeschin, F. (2012). A Multi-Criteria
Approach for an Integrated Land-Cover-Based Assessment of Ecosystem
Services Provision to Support Landscape Planning. Ecol. Indic. 21, 54–66.
doi:10.1016/j.ecolind.2011.12.010

Kuemmerle, T., Levers, C., Erb, K., Estel, S., Jepsen, M. R., Müller, D., et al. (2016).
Hotspots of Land Use Change in Europe. Environ. Res. Lett. 11, 064020. doi:10.
1088/1748-9326/11/6/064020

Lambin, E. F., Geist, H. J., and Lepers, E. (2003). Dynamics of Land-Use and Land-
Cover Change in Tropical Regions. Annu. Rev. Environ. Resour. 28, 205–241.
doi:10.1146/annurev.energy.28.050302.105459

Li, Y., Zhang, L., Yan, J., Wang, P., Hu, N., Cheng, W., et al. (2017). Mapping the
Hotspots and Coldspots of Ecosystem Services in Conservation Priority Setting.
J. Geogr. Sci. 27, 681–696. doi:10.1007/s11442-017-1400-x

Li, G., Chen, W., Zhang, X., Yang, Z., Bi, P., and Wang, Z. (2022). Ecosystem
Service Values in the Dongting Lake Eco-Economic Zone and the Synergistic
Impact of its Driving Factors. Int. J. Environ. Res. Public Health 19, 3121. doi:10.
3390/ijerph19053121

Ling, M. A., King, S., Mapendembe, A., and Brown, C. (2018). A Review of
Ecosystem Service Valuation Progress and Approaches by the Member States of
the European Union. Cambridge, UK. Available at: www.unep-wcmc.org
(Accessed April 8, 2022).

Locatelli, B., Lavorel, S., Sloan, S., Tappeiner, U., and Geneletti, D. (2017).
Characteristic Trajectories of Ecosystem Services in Mountains. Front. Ecol.
Environ. 15, 150–159. doi:10.1002/fee.1470

Loza Herrera, S., Meneses, R. I., and Anthelme, F. (2015). Comunidades vegetales
de los bofedales de la Cordillera Real (Bolivia) bajo el calentamiento global. Ecol.
Boliv. 50, 39–56.

Lu, D.,Mausel, P., Brondízio, E., andMoran, E. (2004). ChangeDetection Techniques. Int.
J. Remote Sens. 25, 2365–2401. doi:10.1080/0143116031000139863

Luck, G. W., Chan, K. M., and Klien, C. J. (2012). Identifying Spatial Priorities for
Protecting Ecosystem Services. F1000Res 1, 17. doi:10.12688/f1000research.1-17.v1

Madrigal-Martínez, S., and Miralles i García, J. L. (2019a). Land-change Dynamics
and Ecosystem Service Trends across the Central High-Andean Puna. Sci. Rep.
9, 9688. doi:10.1038/s41598-019-46205-9

Madrigal-Martínez, S., and Miralles i García, J. L. (2019b). Understanding Land
Use Changes in the Central High-Andean Moist Puna. WIT Trans. Ecol.
Environ. 238, 175–186. doi:10.2495/SC190161

Madrigal-Martínez, S., and Miralles i García, J. L. (2020). Assessment Method and
Scale of Observation Influence Ecosystem Service Bundles. Land 9, 392. doi:10.
3390/land9100392

Mamani-Linares, L. W., and Gallo, C. B. (2014). Meat Quality, Proximate
Composition and Muscle Fatty Acid Profile of Young Llamas (Lama
Glama) Supplemented with Hay or Concentrate during the Dry Season.
Meat Sci. 96, 394–399. doi:10.1016/J.MEATSCI.2013.07.028

Mark, B. G., and Mckenzie, J. M. (2007). Tracing Increasing Tropical Andean
Glacier Melt with Stable Isotopes in Water. Environ. Sci. Technol. 41,
6955–6960. doi:10.1021/ES071099D

Mark, B. G., McKenzie, J. M., and Gómez, J. (2009). Hydrochemical evaluation of
changing glacier meltwater contribution to stream discharge: Callejon de
Huaylas, Peru/Evaluation hydrochimique de la contribution évolutive de la
fonte glaciaire à l’écoulement fluvial: Callejon de Huaylas, Pérou. Hydrological
Sciences Journal 50 (6), 987. doi:10.1623/HYSJ.2005.50.6.975

Marzeion, B., Cogley, J. G., Richter, K., and Parkes, D. (2014). Attribution of Global
Glacier Mass Loss to Anthropogenic and Natural Causes. Science 345, 919–921.
doi:10.1126/SCIENCE.1254702

Millennium Ecosystem Assessment (2005). Ecosystems and Human Well-Being:
Synthesis. Available at: https://www.millenniumassessment.org/en/Synthesis.
html (Accessed November 21, 2019).

Milner, A. M., Khamis, K., Battin, T. J., Brittain, J. E., Barrand, N. E., Füreder, L., et al.
(2017). Glacier Shrinkage Driving Global Changes in Downstream Systems. Proc.
Natl. Acad. Sci. U.S.A. 114, 9770–9778. doi:10.1073/PNAS.1619807114

Ministry of Environment (2015a). Mapa nacional de cobertura vegetal. Directorate-
General for the Evaluation, Valuation and Financing of Natural Heritage and the
Directorate-General for Territorial Planning. Available at: https://geoservidor.
minam.gob.pe/recursos/intercambio-de-datos/ (Accessed March 17, 2022).

Ministry of Environment (2015b). Mapa nacional de cobertura vegetal.
Memoria descriptiva. Lima, Peru. Available at: http://www.minam.gob.pe/
patrimonio-natural/wp-content/uploads/sites/6/2013/10/MAPA-NACIONAL-
DE-COBERTURA-VEGETAL-FINAL.compressed.pdf (Accessed November
17, 2018).

Msofe, N., Sheng, L., and Lyimo, J. (2019). Land Use Change Trends and Their
Driving Forces in the Kilombero Valley Floodplain, Southeastern Tanzania.
Sustainability 11, 505. doi:10.3390/su11020505

Muñoz, M. A., Faz, A., Acosta, J. A., Martínez-Martínez, S., and Zornoza, R. (2015).
Effect of South American Grazing Camelids on Soil Fertility and Vegetation at
the Bolivian Andean Grasslands. Agric. Ecosyst. Environ. 207, 203–210. doi:10.
1016/J.AGEE.2015.04.005

Narendra Raj, K., and Teiji, W. (2006). Abandonment of Agricultural Land and its
Consequences.Mt. Res. Dev. 26, 32–40. doi:10.1659/0276-4741(2006)026[0032:
AOALAI]2.0.CO;2

National Institute of Statistics and Informatics (2012). IV Censo Nacional
Agropecuario. Available at: http://censos.inei.gob.pe/Cenagro/redatam/
(Accessed April 13, 2022).

National Institute of Statistics and Informatics (2022). National Institute of
Statistics and Informatics National Census. Available at: https://www.inei.
gob.pe/estadisticas/censos/ (Accessed April 13, 2022).

Otto, M., and Gibbons, R. E. (2017). Potential Effects of Projected Decrease in
Annual Rainfall on Spatial Distribution of High Andean Wetlands in Southern
Peru. Wetlands 37, 647–659. doi:10.1007/s13157-017-0896-2

Otto, M., Scherer, D., and Richters, J. (2011). Hydrological Differentiation and
Spatial Distribution of High Altitude Wetlands in a Semi-arid Andean Region
Derived from Satellite Data.Hydrol. Earth Syst. Sci. 15, 1713–1727. doi:10.5194/
hess-15-1713-2011

Payne, D., Snethlage, M., Geschke, J., Spehn, E. M., and Fischer, M. (2020). Nature
and People in the Andes, East African Mountains, European Alps, and Hindu
Kush Himalaya: Current Research and Future Directions. Mt. Res. Dev. 40,
A1–A14. doi:10.1659/MRD-JOURNAL-D-19-00075.1

Pérez, P., Maino, M., Guzmán, R., Vaquero, A., Köbrich, C., and Pokniak, J. (2000).
Carcass Characteristics of Llamas (Lama Glama) Reared in Central Chile. Small
Ruminant Res. 37, 93–97. doi:10.1016/S0921-4488(99)00127-3

Polk, M. H., Young, K. R., Baraer, M., Mark, B. G., McKenzie, J. M., Bury, J., et al.
(2017). Exploring Hydrologic Connections between Tropical Mountain
Wetlands and Glacier Recession in Peru’s Cordillera Blanca. Appl. Geogr.
78, 94–103. doi:10.1016/J.APGEOG.2016.11.004

Quintero-Gallego, M. E., Quintero-Angel, M., and Vila-Ortega, J. J. (2018).
Exploring Land Use/land Cover Change and Drivers in Andean Mountains
in Colombia: A Case in Rural Quindío. Sci. Total Environ. 634, 1288–1299.
doi:10.1016/j.scitotenv.2018.03.359

R Development Core Team (2016). R: A Language and Environment for Statistical
Computing, 1. Vienna: R Foundation for Statistical Computing, 409. doi:10.
1007/978-3-540-74686-7

Rai, R., Zhang, Y., Paudel, B., Acharya, B., and Basnet, L. (2018). Land Use and
Land Cover Dynamics and Assessing the Ecosystem Service Values in the
Trans-boundary Gandaki River Basin, Central Himalayas. Sustainability 10,
3052. doi:10.3390/su10093052

Rasul, G., and Molden, D. (2019). The Global Social and Economic Consequences
of Mountain Cryospheric Change. Front. Environ. Sci. 7, 91. doi:10.3389/
FENVS.2019.00091/BIBTEX

Reato, A., Silvina Carol, E., Cottescu, A., and Alfredo Martínez, O. (2021).
Hydrological Significance of Rock Glaciers and Other Periglacial Landforms
as Sustenance of Wet Meadows in the Patagonian Andes. J. S. Am. Earth Sci.
111, 103471. doi:10.1016/j.jsames.2021.103471

Ruthsatz, B. (2012). Vegetación y ecología de los bofedales altoandinos de Bolivia.
Phytocoenologia 42, 133–179. doi:10.1127/0340-269X/2012/0042-0535

Sartori, M., Philippidis, G., Ferrari, E., Borrelli, P., Lugato, E., Montanarella, L.,
et al. (2019). A Linkage between the Biophysical and the Economic: Assessing

Frontiers in Environmental Science | www.frontiersin.org July 2022 | Volume 10 | Article 94188712

Madrigal-Martínez et al. Glacier Retreat and Ecosystem Service Values

226

https://doi.org/10.1016/J.LANDUSEPOL.2021.105721
https://doi.org/10.14712/23361980.2018.10
https://doi.org/10.1016/j.ecolind.2011.12.010
https://doi.org/10.1088/1748-9326/11/6/064020
https://doi.org/10.1088/1748-9326/11/6/064020
https://doi.org/10.1146/annurev.energy.28.050302.105459
https://doi.org/10.1007/s11442-017-1400-x
https://doi.org/10.3390/ijerph19053121
https://doi.org/10.3390/ijerph19053121
http://www.unep-wcmc.org
https://doi.org/10.1002/fee.1470
https://doi.org/10.1080/0143116031000139863
https://doi.org/10.12688/f1000research.1-17.v1
https://doi.org/10.1038/s41598-019-46205-9
https://doi.org/10.2495/SC190161
https://doi.org/10.3390/land9100392
https://doi.org/10.3390/land9100392
https://doi.org/10.1016/J.MEATSCI.2013.07.028
https://doi.org/10.1021/ES071099D
https://doi.org/10.1623/HYSJ.2005.50.6.975
https://doi.org/10.1126/SCIENCE.1254702
https://www.millenniumassessment.org/en/Synthesis.html
https://www.millenniumassessment.org/en/Synthesis.html
https://doi.org/10.1073/PNAS.1619807114
https://geoservidor.minam.gob.pe/recursos/intercambio-de-datos/
https://geoservidor.minam.gob.pe/recursos/intercambio-de-datos/
http://www.minam.gob.pe/patrimonio-natural/wp-content/uploads/sites/6/2013/10/MAPA-NACIONAL-DE-COBERTURA-VEGETAL-FINAL.compressed.pdf
http://www.minam.gob.pe/patrimonio-natural/wp-content/uploads/sites/6/2013/10/MAPA-NACIONAL-DE-COBERTURA-VEGETAL-FINAL.compressed.pdf
http://www.minam.gob.pe/patrimonio-natural/wp-content/uploads/sites/6/2013/10/MAPA-NACIONAL-DE-COBERTURA-VEGETAL-FINAL.compressed.pdf
https://doi.org/10.3390/su11020505
https://doi.org/10.1016/J.AGEE.2015.04.005
https://doi.org/10.1016/J.AGEE.2015.04.005
https://doi.org/10.1659/0276-4741(2006)026[0032:AOALAI]2.0.CO;2
https://doi.org/10.1659/0276-4741(2006)026[0032:AOALAI]2.0.CO;2
http://censos.inei.gob.pe/Cenagro/redatam/
https://www.inei.gob.pe/estadisticas/censos/
https://www.inei.gob.pe/estadisticas/censos/
https://doi.org/10.1007/s13157-017-0896-2
https://doi.org/10.5194/hess-15-1713-2011
https://doi.org/10.5194/hess-15-1713-2011
https://doi.org/10.1659/MRD-JOURNAL-D-19-00075.1
https://doi.org/10.1016/S0921-4488(99)00127-3
https://doi.org/10.1016/J.APGEOG.2016.11.004
https://doi.org/10.1016/j.scitotenv.2018.03.359
https://doi.org/10.1007/978-3-540-74686-7
https://doi.org/10.1007/978-3-540-74686-7
https://doi.org/10.3390/su10093052
https://doi.org/10.3389/FENVS.2019.00091/BIBTEX
https://doi.org/10.3389/FENVS.2019.00091/BIBTEX
https://doi.org/10.1016/j.jsames.2021.103471
https://doi.org/10.1127/0340-269X/2012/0042-0535
https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


the Global Market Impacts of Soil Erosion. Land Use Policy 86, 299–312. doi:10.
1016/J.LANDUSEPOL.2019.05.014

Schägner, J. P., Brander, L., Maes, J., and Hartje, V. (2013). Mapping Ecosystem
Services’ Values: Current Practice and Future Prospects. Ecosyst. Serv. 4, 33–46.
doi:10.1016/J.ECOSER.2013.02.003

Schmidt, S., Manceur, A. M., and Seppelt, R. (2016). Uncertainty of Monetary
Valued Ecosystem Services - Value Transfer Functions for Global Mapping.
PLOS ONE 11, e0148524. doi:10.1371/JOURNAL.PONE.0148524

Scholes, R., Reyers, B., Biggs, R., Spierenburg, M., and Duriappah, A. (2013). Multi-
scale and Cross-Scale Assessments of Social-Ecological Systems and Their
Ecosystem Services. Curr. Opin. Environ. Sustain. 5, 16–25. doi:10.1016/j.
cosust.2013.01.004

Selivanov, E., and Hlaváčková, P. (2021). Methods for Monetary Valuation of
Ecosystem Services: A Scoping Review. J. For. Sci. 67 (2021), 499–511. doi:10.
17221/96/2021-JFS

Shrestha, B., Ye, Q., and Khadka, N. (2019). Assessment of Ecosystem Services
Value Based on Land Use and Land Cover Changes in the Transboundary
Karnali River Basin, Central Himalayas. Sustainability 11, 3183. doi:10.3390/
su11113183

Tang, X.-l., Lv, X., and He, Y. (2013). Features of Climate Change and Their Effects
on Glacier Snow Melting in Xinjiang, China. Comptes Rendus Geosci. 345,
93–100. doi:10.1016/J.CRTE.2013.01.005

Transfer Commission (2014). Hatun Willakuy: Abbreviated Version of the Final
Report of the Truth and Reconciliation Commission. Joint collaboration of the
Center for Civil and Human Rights of the University of Notre Dame, the
Instituto de Democracia y Derechos Humanos de la Pontificia Universidad
Católica del Perú, and the International Center for Transitional Justice. Lima.

Veettil, B. K., and Kamp, U. (2019). Global Disappearance of Tropical Mountain
Glaciers: Observations, Causes, and Challenges.Geosciences 9, 196. doi:10.3390/
GEOSCIENCES9050196

Vicente-Serrano, S. M., López-Moreno, J. I., Correa, K., Avalos, G., Bazo, J., Azorin-
Molina, C., et al. (2018). Recent Changes in Monthly Surface Air Temperature
over Peru, 1964-2014. Int. J. Climatol. 38, 283–306. doi:10.1002/joc.5176

Vilá, B., and Arzamendia, Y. (2020). South American Camelids: Their Values and
Contributions to People. Sustain Sci. 17, 707–724. doi:10.1007/S11625-020-
00874-Y/TABLES/5

Wagnon, P., Ribstein, P., Francou, B., and Sicart, J. E. (2001). Anomalous Heat and
Mass Budget of Glaciar Zongo, Bolivia, during the 1997/98 El Niño Year.
J. Glaciol. 47, 21–28. doi:10.3189/172756501781832593

Wesolowski, J., Alzogaray, V., Reyelt, J., Unger, M., Juarez, K., Urrutia, M., et al.
(2009). Single Domain Antibodies: Promising Experimental and Therapeutic
Tools in Infection and Immunity. Med. Microbiol. Immunol. 198, 157–174.
doi:10.1007/S00430-009-0116-7

World Bank (2022). Inflación, Precios Al Consumidor (% Anual). Data. Available
at: https://datos.bancomundial.org/indicator/FP.CPI.TOTL.ZG (Accessed
March 9, 2022).

Xie, G., Zhang, C., Zhen, L., and Zhang, L. (2017). Dynamic Changes in the Value
of China’s Ecosystem Services. Ecosyst. Serv. 26, 146–154. doi:10.1016/J.
ECOSER.2017.06.010

Yin, J., Yin, Z., Zhong, H., Xu, S., Hu, X., Wang, J., et al. (2011). Monitoring Urban
Expansion and Land Use/land Cover Changes of Shanghai Metropolitan Area
during the Transitional Economy (1979-2009) in China. Environ. Monit. Assess.
177, 609–621. doi:10.1007/s10661-010-1660-8

Zarrin, M., Riveros, J. L., Ahmadpour, A., de Almeida, A. M., Konuspayeva, G.,
Vargas-Bello-Pérez, E., et al. (2020). Camelids: New Players in the International
Animal Production Context. Trop. Anim. Health Prod. 52, 903–913. doi:10.
1007/S11250-019-02197-2

Zemp, M., Frey, H., Gärtner-Roer, I., Nussbaumer, S. U., Hoelzle, M., Paul, F., et al.
(2015). Historically Unprecedented Global Glacier Decline in the Early 21st
Century. J. Glaciol. 61, 745–762. doi:10.3189/2015JOG15J017

Zhang, Y., Gao, T., Kang, S., Shangguan, D., and Luo, X. (2021). Albedo Reduction
as an Important Driver for Glacier Melting in Tibetan Plateau and its
Surrounding Areas. Earth-Science Rev. 220, 103735. doi:10.1016/J.
EARSCIREV.2021.103735

Zhu, Z., Gallant, A. L., Woodcock, C. E., Jin, S., Yangl, L., Auch, R. F., et al. (2016).
Optimizing Selection of Training and Auxiliary Data for Operational Land
Cover Classification for the LCMAP Initiative. ISPRS J. Photogrammetry
Remote Sens. 122, 206–221. doi:10.1016/j.isprsjprs.2016.11.004

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Madrigal-Martínez, Puga-Calderón, Bustínza Urviola and Vilca
Gómez. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Environmental Science | www.frontiersin.org July 2022 | Volume 10 | Article 94188713

Madrigal-Martínez et al. Glacier Retreat and Ecosystem Service Values

227

https://doi.org/10.1016/J.LANDUSEPOL.2019.05.014
https://doi.org/10.1016/J.LANDUSEPOL.2019.05.014
https://doi.org/10.1016/J.ECOSER.2013.02.003
https://doi.org/10.1371/JOURNAL.PONE.0148524
https://doi.org/10.1016/j.cosust.2013.01.004
https://doi.org/10.1016/j.cosust.2013.01.004
https://doi.org/10.17221/96/2021-JFS
https://doi.org/10.17221/96/2021-JFS
https://doi.org/10.3390/su11113183
https://doi.org/10.3390/su11113183
https://doi.org/10.1016/J.CRTE.2013.01.005
https://doi.org/10.3390/GEOSCIENCES9050196
https://doi.org/10.3390/GEOSCIENCES9050196
https://doi.org/10.1002/joc.5176
https://doi.org/10.1007/S11625-020-00874-Y/TABLES/5
https://doi.org/10.1007/S11625-020-00874-Y/TABLES/5
https://doi.org/10.3189/172756501781832593
https://doi.org/10.1007/S00430-009-0116-7
https://datos.bancomundial.org/indicator/FP.CPI.TOTL.ZG
https://doi.org/10.1016/J.ECOSER.2017.06.010
https://doi.org/10.1016/J.ECOSER.2017.06.010
https://doi.org/10.1007/s10661-010-1660-8
https://doi.org/10.1007/S11250-019-02197-2
https://doi.org/10.1007/S11250-019-02197-2
https://doi.org/10.3189/2015JOG15J017
https://doi.org/10.1016/J.EARSCIREV.2021.103735
https://doi.org/10.1016/J.EARSCIREV.2021.103735
https://doi.org/10.1016/j.isprsjprs.2016.11.004
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


Spatiotemporal Variations of
Ecosystem Service Indicators and the
Driving Factors Under Climate Change
in the Qinghai–Tibet Highway Corridor
Siqi Yang1,2, Gaoru Zhu1*, Lixiao Zhang2, Honglei Xu1 and Jinxiang Cheng1

1Transport Planning and Research Institute, Ministry of Transport, Beijing, China, 2State Key Joint Laboratory of Environmental
Simulation and Pollution Control, School of Environment, Beijing Normal University, Beijing, China

In recent decades, the influence of climate change and human activities on the ecosystem
services (ES) in the Qinghai–Tibet Plateau (QTP) has been extensively investigated.
However, few studies focus on linear traffic corridor area, which is heavily affected by
human activities. Taking the Golmud–Lhasa national highway corridor as a case, this study
investigated the land-use and land-cover change (LUCC) and spatiotemporal variations of
ES indicators using ecosystem indices of fractional vegetation cover (FVC), leaf area index
(LAI), evapotranspiration (ET), and net primary productivity (NPP) from 2000 to 2020. The
results indicated that LUCC was faster in the last decade, mostly characterized by the
conversion from grassland to unused land. In buffer within 3000 m, the proportions of
productive areas represented the increased trends with distance. In terms of ES variations,
the improved areas outweighed the degraded areas in terms of FVC, LAI, and NPP from
2000 to 2020, mostly positioned in the Qinghai Province. In addition, FVC, LAI, and NPP
peaked at approximately 6000 m over time.With regard to influencing factors, precipitation
(20.54%) and temperature (14.19%) both positively influenced the spatiotemporal variation
of FVC. Nearly 60% of the area exhibited an increased NPP over time, especially in the
Qinghai Province, which could be attributed to the temperature increase over the last two
decades. In addition, the distance effects of climatic factors on ES indicators exhibited that
the coincident effects almost showed an opposite trend, while the reverse effects showed
a similar trend. The findings of this study could provide a reference for the ecological
recovery of traffic corridors in alpine fragile areas.

Keywords: ecosystem service indicators, buffer distance, climate change, traffic corridor, Qinghai-Tibet Plateau

1 INTRODUCTION

Human activities have significantly influenced the ecological environment and undermined the
delivery of ecosystem services (ES), which further impacts human well-being and sustainable
development (Tilman and Lehman, 2001; Millennium Ecosystem Assessment (MA), 2005; Yang
et al., 2020). Traffic transportation is one of the major human activities, which greatly influence the
ecosystem integrity, vegetation dynamics, animal activities, biodiversity maintenance, and ES
(Forman, 2000; Laurance et al., 2014; Ibisch et al., 2016). Growing evidences showed that the
traffic corridors cross various ecosystem types, resulting in land-use and land-cover change (LUCC),
habitat degradation, and landscape fragmentation (Freitas et al., 2010; Liu et al., 2016; Fischer et al.,
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2021). Compared with LUCC and landscape pattern change, ES
changes are more important and helpful for ecological
management (Liu et al., 2019). Under the influences of climate
change and human activities, the vegetation and soil-related
ecosystem indices can be the ES indicators as they are
connected to energy exchange, hydrological cycle, and
biogeochemical cycle (Sitch et al., 2003; Perrings et al., 2011;
Sun et al., 2017). In addition, the ecosystem indices could reflect
the yearly variation trends, which release the restriction of
periodic land-use changes.

Over the last decades, remotely sensed data have become the
most important data source for monitoring ecosystem dynamics
at large scales and can be used to evaluate multiple ES (Zhang
et al., 2011; Ying Liu et al., 2018). Previous studies mainly adopted
indicators, such as normalized difference vegetation index
(NDVI), fractional vegetation cover (FVC), and leaf area index
(LAI), to describe the vegetation characteristics (Wu et al., 2014;
Querin et al., 2016). On the contrary, other critical indices of
ecosystem function, such as evapotranspiration (ET) and net
primary productivity (NPP), are rarely considered in
combination. ET is a dominant part of hydrological cycling,
which reflects on the status of water use, and is tightly
coupled with NPP at multiple scales (Chapin et al., 2002;
Waring and Running, 2010). NPP plays an important role in
carbon cycling and reflects on the quality of the terrestrial
ecosystem (Field et al., 1998; Zhu et al., 2007). In practice,
FVC and NPP are regarded as the indicators of carbon
sequestration services as they represent the vegetation
dynamics and productivity (Sha et al., 2020; Mu et al., 2021);
in contrast, LAI and ET can be used as indicators of water
provision service as they affect the hydraulic processes of ET,
infiltration, aquifer recharge, and streamflow (Taugourdeau et al.,
2014; Chang et al., 2017). As aforementioned, FVC, LAI, ET, and
NPP are the key indicators in linking ecosystem functioning and
climate feedbacks. Therefore, the use of remote sensing data could
be an effective method for analyzing ES using multiple ecosystem
indices.

The Qinghai–Tibet Plateau (QTP), known as “the Third Pole
of the World” and “the Asian Water Tower,” is a global hotspot
for biodiversity and alpine ecological fragile area (Favre et al.,
2015). The geographical conditions of the QTP are complex, and
the ecological environment is extremely fragile (Saito et al., 2009)
and thus sparsely populated. The G109, G219, and G318 national
highways are the main traffic routes accessing to Lhasa (the
capital of Tibet), which has significantly promoted local
socioeconomic development. Established studies focused on
the effects of traffic activities on the landscape pattern,
vegetation cover, and soil heavy metal contents in the QTP
(Ding et al., 2006; Hua Zhang et al., 2015; Song et al., 2018);
however, less attention has been paid to ES changes. Under the
dual impacts of climate change and human activities, the
vegetation and ecosystem in linear traffic corridors have
significantly changed, which poses great threats to regional
ecological security (Zhang et al., 2019). How to evaluate the
changes in the ecosystem pattern and ES of traffic corridors and
identify the influence mechanisms in the alpine fragile region has
become a vital issue to be solved.

At present, the long-term ES variation trends in human-
induced linear traffic area are still inadequate. Therefore, the
objectives of this study were 1) to describe the land-use dynamic
characteristics in corridor areas, 2) to analyze the spatiotemporal
trends of ES indicators and distance differences during the
2000–2020 period, and 3) to show the effects of LUCC and
the climatic factors on ES indicator variations. This research
could provide the theoretical guidance for the coordinated
development of transportation and ecological environment in
ecologically vulnerable areas.

2 MATERIALS AND METHODS

2.1 Study Area
The Qinghai–Tibet Highway (National Highway 109) opened to
traffic in 1954; at that time, it was a gravel road. It was improved
into an asphalt road in 1985 and then fully upgraded in 2010. The
available traffic volume data started in 2003, with the average
daily equivalent of 3904 in 2003, which then increased to 9390 in
2020. The Golmud–Lhasa highway section is the most critical
section of National Highway 109. The total length of the
Golmud–Lhasa highway corridor (GLHC) is 1131 km,
covering 10-km buffer zones on each side of the highway;
thus, the total area is 22270 km2 and the elevation range is
2755–6210 m (Figure 1A, 29.55–36.49°N, 90.43–95.03°E).
There are various ecosystem types distributed in the GLHC,
including shrubland, grassland, steppe, and meadow. The
regional climate of QTP is complex, including tropical humid,
temperate semi-humid plateau monsoon, and cold temperate
semi-arid plateau climates; therefore, the climatic condition of the
study area is diverse. The precipitation in QTP is affected by the
climate and mountains, with significant spatial differences
(Renhe Zhang et al., 2015). Furthermore, the temperature in
QTP is negatively correlated with latitude and altitude, the
diurnal temperature range is wide, and the interannual
variation is narrow (Yang et al., 2021). Based on the traffic
volume monitoring and policy intervention of the Grain for
Green Project (GGP), there are more human activities after
2000; thus, we selected the time intervals of 2000, 2010, and
2020 to achieve our objectives. According to the data
preprocessing results, the annual average precipitation in the
2000–2020 period was 33.6–539.1 mm, decreasing from
southwest to northeast. Moreover, in the 2000–2020 period,
the annual average temperature was −16.7–8.5°C, decreasing
from both ends to the middle. In addition, the precipitation
and temperature trends in recent decades showed obvious spatial
characteristics (Figure 1B).

2.2 Data Preparation
The prepared dataset in this study included the LUCC map, road
map, remote sensing products of vegetation and ecosystem
indices, and climate data. We listed the detailed information
in Table 1.

GlobeLand30 is a global land-use dataset with medium
resolution. In this study, we selected seven land types from
Google Earth Engine, which included cropland, forest,
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shrubland, grassland, water body, construction land, and unused
land. The road data only included the national highway,
considering the long-term existence and more human activities
than in railway and expressway. FVC corresponds to the fraction
of ground covered by green vegetation. It describes the vegetation
proportion by scaling NDVI according to NDVI maximum and
NDVI minimum (Eq. 1).

NDVI −NDVImin

NDVImax −NDVImin
(1)

LAI is an indicator of vegetation greenness, and the satellite-
derived value corresponds to the total green LAI of all the canopy
layers; thus, it can quantify the thickness of the vegetation cover.
ET is a key process indicator of terrestrial ecosystems and also a
proxy for vegetation conditionmonitoring. NPP is an indicator of
ecosystem productivity, which is equal to the difference between
gross primary productivity and respiration. All the ES indicator
data were used on a yearly scale.

In this study, the yearly NDVI and LAI datasets were
aggregated by using the maximum-value composite method,
which could reduce the effects of atmospheric interference and
cloud issues on values (Van Leeuwen et al., 1999), whereas ET and
NPP were aggregated by sum calculation. Considering data
availability, FVC and LAI were derived from 2000 to 2020,
whereas ET and NPP were derived from 2001 to 2020. These
datasets were resampled at 500 m × 500 m according to the
resolution of most remote sensing indices and the distance
intervals.

2.3 Statistical Analysis
2.3.1 Land-Use and Land-Cover Change Analysis
To describe land-use change, we first compared the areas of each
land-use type in 3 years and calculated the change rate over time.
Then, we used the land-use transfer matrix method to reflect the
main area transitions between land-use types in two periods. To
distinctly show the transferred pairs and magnitude, a chord

FIGURE 1 | Location of the Golmud—Lhasa national highway corridor (A) and climate change from 2000 to 2020 ((B), the slope was calculated using the
Theil—Sen estimator).

TABLE 1 | Data introduction and sources.

Variable Source Period Resolution Website

LUCC map GlobeLand30 2000/2010/2020 30 m www.globallandcover.com
Road map Navigation map 2020 — www.navinfo.com
NDVI MOD13Q1 v006 2000–2020 250 m https://lpdaac.usgs.gov/
LAI MOD15A2H v006 2000–2020 500 m https://lpdaac.usgs.gov/
ET MOD16A2 v006 2001–2020 500 m https://lpdaac.usgs.gov/
NPP MOD17A3HGF v006 2001–2020 500 m https://lpdaac.usgs.gov/
Precipitation CRU and WorldClim 2000–2020 1 km http://poles.tpdc.ac.cn/
Temperature CRU and WorldClim 2000–2020 1 km http://poles.tpdc.ac.cn/
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graph was applied. In addition to the whole variation, we
employed buffer analysis to calculate the variation trend of the
area proportion of each land-use type with the gradient buffer
distances of 500–10,000 m in different years.

2.3.2 Spatiotemporal Trend Analysis
The interannual trends of FVC, LAI, ET, and NPP from 2000 to
2020 were determined through the nonparametric
Mann–Kendall (MK) statistical test. The MK test is a rank-
based method that is useful for detecting nonlinear trends
(Kendall, 1975), and it has been widely applied to detect the
trends of hydrological and meteorological variables in time-series
analysis (Hamed, 2008). In this study, we set the significant
confidence interval to 95% (p < 0.05).

The MK statistical test for monotone trend is defined in
Eqs. 2–4.

T � ∑
j< i

sgn(Zi − Zj) (2)

sgn(x) �
⎧⎪⎨
⎪⎩

1, if x> 0
0, if x � 0
−1, if x< 0

(3)

Var(T) � ⎧⎨
⎩n(n − 1)(2n + 5) −∑

p

j�1
+ tj(tj − 1)(2tj + 5)

⎫⎬
⎭/18

(4)
where sgn is the sign function, Zi to Zj is the dataset of the time-
series data, p is the number of tied groups in the dataset, and tj is
the number of data points in the jth tied group. Furthermore, if n
is large, T is approximately normal.

The significance of trends can be tested by comparing the
standardized variableU in Eq. 5 with the standard normal variate
at the significance level α (Kendall, 1975).

U �

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

(T − 1)
Var(T)√ T> 0

0 T � 0

(T − 1)
Var(T)√ T< 0

⎫⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎭

(5)

where U > 0 indicates an upward trend, whereas U < 0 denotes a
downward trend.

The Theil–Sen estimator is a robust model of a fitted line in
nonparametric statistics by choosing the median of the slopes
of all lines through pairs of points (Akritas et al., 1995). We
used the Theil–Sen estimator to quantify the variation trend of
ecosystem indices and reflected the change magnitude in
specific periods. The positive estimated value indicates an
upward trend, whereas the negative value represents a
downward trend (Eq. 6).

β � Median(
zi − zj
i − j

) (6)

where 1 < j < i < n; if β > 0, it indicated an upward trend,
otherwise, it indicated a downward trend.

The above time-series analysis revealed the spatial pattern of
temporal variation in ES indicator dynamics. To describe the
distance trend, we calculated the mean values of each ES indicator
in 500–10000-m buffers and then used the heatmap graph to
distinctly represent the temporal and distance trends.

2.3.3 Impact Analysis
The variations of the ES indicators were impacted by land use and
climate change. Considering land-use type as a categorical
variable, overlay analysis is more feasible to detect the
qualitative effect on the different levels of ecosystem indices.
Corresponding to static LUCC maps, the ES indicators in 2000/
2001, 2010, and 2020 were reclassified using the natural
breakpoint method in ArcGIS 10.8, and the classified criteria
were consistent in different years for each ES indicator. Then, the
Tabulate Area tool was used to conduct the mean-value raster
overlay analysis to qualitatively reflect the distribution of
high–low ES indicator values in each land-use type.

In pixel-level time-series analysis, multivariate regression was
used to determine the impact of long-term climate change on the
variations of the ES indicator. Using the annual precipitation and
average annual temperature as the explanatory variables as well as
ES indicators as the dependent variables, multiple linear
regression equations were constructed and tested. Statistical
significance was calculated using p-values at a 95% (p < 0.05)
confidence interval.

yi � β0 + β1x1 + β2x2 + ϵ (7)
where yi is the ES indicator, x1 is the annual precipitation, x2 is the
average annual temperature, β1 and β2 are the slope coefficients
for each explanatory variable, β0 is the constant term of the
y-intercept, and ϵ is the error term. We summarized the positive
and negative areas to reflect the influence strengths.

After determining the individual influence roles of
precipitation and temperature by partial regression coefficients,
we used ordinary least squares regression and quadratic
polynomial regression to describe the direction and strength
change of climatic controls with the buffer distance increased.

3 RESULTS

3.1 Land-Use Dynamic Characteristics
During the study period, the change rates of most land-use types
were stronger in 2010–2020 than in 2000–2010 (Figure 2A).
According to the different temporal variations of each land-use
type, forest, shrubland, and grassland showed relatively slight rate
variations over time, although the quantity variation of grassland
in 2010–2020 was obvious. In contrast, cropland, construction
land, unused land, and water body showed obvious rate and
quantity variations, at least in one period. Due to the small total
area of cropland, the change proportions were larger than others
in the same period. Construction land and unused land
significantly increased from 2010 to 2020.

From the perspective of land-use transition, we used the chord
graph to visualize traditional land-use transition matrix
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(Figure 2B). From 2000 to 2010, the large areas of grassland
transformed into unused land, construction land, and water body,
whereas more than half of the grassland replenishment were
derived from shrubland and cropland. In addition, the
construction land replenishment was derived from grassland
and unused land. From 2010 to 2020, the large proportion of
grassland transformed into the other land-use types, especially for
unused land and shrubland.

The proportions of each land-use type varied with the buffer
distance in 3 years (Figure 3). There were obvious temporal

variations of cropland proportion with the buffer distances,
which showed an overall descending trend in 2000 and 2020 and
an overall upward trend in 2010 (Figure 3A). Forest, grassland, and
shrubland showed an overall upward trend, with the slightest
temporal variations (Figures 3C,D), and grassland, shrubland,
water body, and unused land attained the maximum value in the
2000–3000-m distance (Figures 3C,E,F). Unused land mainly
showed a continuous upward trend, especially in the buffer
distance of 1000 to 2000m. In addition, the increased rate was
stronger in 2020 than the other years (Figure 3G). In general, only

FIGURE 2 | Land-use change and land-use transition in the Qinghai–Tibet Highway corridor. The chord graph intuitively represents the transitions between different
land-use types, the width of the land-use section represents the area of land use (A,B), and the transparent colors represent the finally gained land use after the mutual
transitions between two land-use types.

FIGURE 3 | (A) Cropland; (B) Forest; (C) Grassland; (D) Shrubland; (E) Water body; (F) Construction land; (G) Unused land.
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cropland showed obvious differences each year. Among the land-use
types with a declining quantity from 2010 to 2020, the area far from
the road has a faster decreasing trend, i.e., grassland and shrubland.

3.2 The Dynamic Trends of Ecosystem
Service Indicators During 2000–2020
Using the long-term time-series moderate resolution imaging
spectroradiometer remote sensing products, we calculated the
pixel-level temporal trend of each ES indicator. Through the
analyses of Sen’s slope and MK test, the results showed a distinct
spatial differentiation of the FVC trend during 2000–2020, which
was represented as the increased area (16.9%) mainly in the
northeast and the decreased area (1.3%) mainly in the southwest
and other scattered areas (Figure 4A). Compared with FVC, the
significantly changed area was reduced in the LAI trend, especially in
the northeast, which was represented by the increased area (8.0%)
mainly in the central to the northwest and the decreased area (3.5%)
mainly in the central to the southwest (Figure 4B). ET showed the
least-obvious trend, in which the increased area (5.1%) was mainly
in the northeast and southwest and the decreased area (0.5%)mainly
in the southwest (Figure 4C). NPP had the most significant spatial
differentiation, which was represented as the increased area (59.8%)
mainly in the central and northeast and the decreased area (1.0%)
mainly in the southwest (Figure 4D).

Each ES indicator showed obvious temporal and distance
variations (Figure 5). From the perspective of temporal
variation, FVC showed an overall upward trend; in particular, it
attained the maximum value in 2018 and the minimum value in
2015, and there were fluctuations between different periods. The
situation of LAI was similar to that of FVC; in particular, it attained

the maximum value in 2020 and the minimum value in 2007 and
2015. ET showed no obvious variation trend and attained the
maximum value in 2011. NPP showed an upward trend after 2016;
in particular, it attained the maximum value in 2020 and the
minimumvalue in 2007 and 2008. From the perspective of distance
variation, FVC in different years showed a similar trend, that was
the maximum ranged between 3000 and 6000m with infinitesimal
inter-annual differences. LAI also had relatively consistent
temporal characteristics, which attained the maximum value in
6000m, especially in 2015–2020. ET showed a similar trend in
different years, contrary to FVC and LAI; the maximum value was
attained at approximately 2000m, which then decreased with the
increasing distance. NPP was similar to FVC, and the maximum
range occurred in 2000–6000mwith an infinitesimal difference. In
summary, ET had the most distinctive trend, and FVC and NPP
had the most similar trends of temporal and distance variations.

3.3 Effects of Land-Use and Land-Cover
Change and Climatic Factors on Temporal
Variation of Ecosystem Service Indicators
Figure 6 presents the variations of relative area proportions between
the hierarchical levels of indices from 2000 to 2020. In the study area,
the area of grassland was dominant, whereas forest was rare. The
high-value ES indicators of cropland were mainly decreased over
time. For FVC, there weremoremoderate to high values in grassland
and more high values in shrubland with little temporal variation,
whereas in unused land, the domination of low value decreased with
time; especially in 2020, the high-value area demonstrated an
obvious increase (Figure 6A). For LAI, the low- and high-value
proportions of grasslandwas decreased over time, the low- and high-

FIGURE 4 | Variation trends of ecosystem service indicators and significance tests in the study period. ((A) FVC; (B) LAI; (C) ET; (D) NPP).
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value proportions of unused land was increased over time, whereas
other land-use types changed negligibly (Figure 6B). For ET, the
high value of grassland was obviously decreased over time, whereas
the high values of shrubland and unused land were obviously
increased over time (Figure 6C). For NPP, the high value of
grassland was increased over time, whereas the high value of
shrubland was decreased over time; all levels of unused land
were increased over time (Figure 6D).

Using multiple spatial regression methods, we identified the
climatic controls on the temporal–spatial variations of the ES
indicators (Figure 7). The results showed that precipitation
explained more positive influences in FVC (20.54%) and LAI

(3.52%), ET (18.71%) than temperature, while explained more
negative influence in NPP (12.03%). With regard to
temperature, it explained more negative influences in FVC
(7.03%), LAI (2.23%), and ET (4.42%) and a more positive
influence in NPP (13.95%). From the spatial perspective, the
effects of precipitation and temperature on FVC and LAI were
relatively consistent, except for the southwest part, whereas in
the middle and southwest parts, ET and NPP showed opposite
effects of precipitation and temperature. The results of
decision coefficient (R2) showed that the model
performances of ET and NPP were better, whereas the
performance of LAI was relatively poor.

FIGURE 5 | Ecosystem service indicator variations across time and distance. ((A) FVC; (B) LAI; (C) ET; (D) NPP).
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We calculated the variation trends of the regression
coefficients with the buffer distances. By using linear and
polynomial models, eight models were significant to reflect
the influencing strengths and directions along with the
distance gradient (Figure 8). From the influences of
precipitation on the ES indicators, there were overall
downward trends on FVC and ET and partial downward
trends with the turning point of 7000 m on LAI and NPP.
Regarding temperature, the ES indicators increased with the
increasing distance, except for ET, and there existed the
turning point of 3000 m in ET. In general, the distance
trends of precipitation and temperature in FVC and ET
showed nearly opposite directions, whereas in LAI and
NPP, they showed similar strength change with contrasting
influence directions (negative or positive).

4 DISCUSSION

4.1 The Relationship Between Land-Use
Change and Distance from Road
The land-use change was more obvious in 2010–2020, which
reflects the increasing human activities and climate change
(Cui and Graf, 2009). As for the relative stability in 2000–2010,
this is due to little human interference and mild climate
change. The phenomenon that a large proportion of
grassland is transformed into unused land may be due to
overgrazing, which not only directly eliminates the biomass
of grassland but also results in soil compaction and trait
deterioration, thus hindering the growth of grass (Niu et al.,
2019; Yang and Sun, 2021). As to cropland change, it showed
an obvious decrease in 2010 and an obvious increase in 2020;

FIGURE 6 | Influence of land-use types on multiple ecosystem service indicators during 2000–2020.
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this could be related to the policy of the GFGP since 2002 (Xin,
2008). The reason for the cropland increase may be attributed
to the growing orchard plants (which is one of the cropland
types in the GlobeLand 30 data) or land reclamation in the
high-altitude region (Wu et al., 2021). Among the land-use
types, only the cropland proportion showed the significantly
inter-decadal distance trends (Figure 3A). After the GFGP
implementation, the previous indistinct variation of cropland
turned into an upward trend with a distance increase,
especially after 4000 m in 2010 and 2020. It has a finding
similar to Zheng et al. (2021), who also identified 4000 m as a
turning point and found that the increasing rate is slower after
4000 m; however, in this study, only in 2020, the finding exists.
The descending turning point of shrubland was 3000 m with a
minor inter-decadal difference, which reflected the few human
activities on shrubland. For construction land, the downward
trend was slower in 2020 than in previous years, which
indicated the increasing human activities over time.

4.2 The Spatiotemporal Variations and
Distance Characteristic of Ecosystem
Service Indicators
Vegetation dynamic analysis revealed that the middle to the
northeast part of FVC and the northcentral part of LAI were
increased during 2000–2020 (Figures 4A,B). LAI is mainly used
to describe vegetation structure characteristics; in general, the
LAI of cropland and forest is higher than that of grassland. Thus,
the northeast part of LAI not showing a significant increase might
be due to the large proportion of grassland and unused land.
Many studies found that LAI and NDVI exist in multiple
functional relationships for different vegetation types (De
Peppo et al., 2019; Rees et al., 2020). However, the LAI
decreased area of the southwest part was larger than FVC
decreased area (Figures 4A,B), which is partly due to the
reduced cropland proportion in 2000–2010. The inconsistent
spatial distribution for the FVC and LAI variations is probably
because of the grass species difference, land-use transformation of

FIGURE 7 | Variation trends of ecosystem service indicators against climate change.
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GFGP, and environmental pressure on the carbon sequestration
process (Zhang W. et al., 2021).

As for ET, a previous work demonstrated that it was increased
overall during 1982–2016 in QTP, with a decreased spatial pattern
from southeast to northwest (Ma and Zhang, 2022). In this study,
the mainly increasing area was in the northeast and southwest
(Figure 4C), which is also the high-temperature area. In the
northeast, the significantly increased precipitation and the high
solar–thermal status induced the increased ET, whereas in the
southwest, precipitation was not increased, but the high
solar–thermal status and land use of shrubland resulted in
increased ET. NPP is closely linked to ET, in which the carbon
cycle through vegetation canopy stomata impacts ecosystem
productivity (Kang et al., 2016). Over a half area in this study
showed a significantly increasing trend (Figure 4D), which is
consistent with the overall increasing trend of NPP in QTP (Han
et al., 2018; Yang et al., 2019; ZhangW. et al., 2021). In general, NPP
and NDVI have positive correlations (Liu et al., 2021); the
inconsistency between NPP and FVC indicates that the climate
and vegetation species significantly differed in the long-distance
linear region, therefore the relationship between NPP and FVC was
not obvious. The consistent areas among the significantly increased
area of ET and NPP indicated the positive relationships between the
actual ET and terrestrial productivity (Ma and Zhang, 2022).

By comprehensively analyzing each ES indicator variation
with the increasing time and buffer distance, several similar
findings were obtained, such as the distance turning points of
FVC, LAI, and NPP (Figure 5). Overall, the maximum value of
these ES indicators was approximately 6000 m, whereas the
maximum value of ET was within 2000 m. The downward
shift of the ET maximum could be explained by the
distribution of the water body, which is mainly positioned
near the highway; in general, the ET of water body is large

(Liu et al., 2020). The lower values of each index in 2015 are
partly due to the reduced precipitation and temperature in this
year. Comparing the ES indicators in 500 m and in 500–1000 m,
the former was significantly inferior to the latter in terms of FVC,
LAI, and NPP, which indicates that the intense impact on the
ecosystem is within 500 m in QTP, and the ecosystem status
gradually recovered as the distance increased. In addition, the
500-m distance is constrained by the data resolution; thus, it may
be less by using finer data. In areas near the highway, lots of
abandoned waste, materials, and gases are generated by asphalt
mixture during road paving. This increases traffic volume and
causes soil contamination and compaction, thus inhibiting the
growth of vegetation (Jaworska and Lemanowicz, 2019; Gao et al.,
2020). After 500 m, the disturbance was decreased, and vegetation
gradually recovered under climate change. In addition, wind
transportation may contribute to Nitrogen added topsoil and
plant seed dispersal (Cheng and Chen, 2002); thus, areas located
within 6000 m showed upward trends.

4.3 The Influence Factors on the Variations
of Ecosystem Service Indicators
LUCC is one of the dominant factors that influence vegetation
and ecosystem function (Mu et al., 2013). Through the overlay
analysis of LUCC and ES indicators, the qualitative relationships
between them were derived (Figure 6). The distinct time
variations of FVC and LAI in grassland and unused land
reflect the enhanced canopy cover of grass and desert plants
and the increased growth rate of cropland, which is primarily due
to the increasing role of the increased temperature and
anthropogenic cultivation. In ET and NPP, except for forest,
the other land-use types showed obvious differences. The
increased area of unused land was mainly distributed in the

FIGURE 8 | Regression coefficients of ecosystem service indicators against climate change in buffer distances. The outliers were removed to derive the better
trends.
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low-value ET area, which indicates that the position of the gained
unused land is relatively far from the national highway according
to the previous results. For NPP, the high-value area of cropland
and shrubland was decreased, whereas that of grassland and
unused land was increased, indicating the larger contributions of
grassland and unused land to increasing NPP over time. Previous
works confirmed the dual effects of human activities and climate
change on increasing NPP, especially after 2000; however, it is still
necessary to pay more attention to the ecological balance between
species (Wang et al., 2013; Chen et al., 2014).

Precipitation and temperature are fundamental driving
forces for ecosystem process change and vegetation
distribution as well as productivity in QTP (Huang et al.,
2016; Liu et al., 2021; yin Zhang et al., 2021). To analyze
the climatic controls on each ES indicator, spatial multiple
regression analysis is a better choice than spatial correlation
analysis owing to the former’s causal explanatory power. The
less climatic influences on the ES indicators in the northeast
part are partly due to the offset effects by human activities.
This area belongs to Golmud, which is the largest logistics
distribution center, where the different types of human
activities could generate. In the middle part, FVC and ET
were positively influenced by meteorological factors, and the
positive influence of precipitation was higher than that of
temperature. The FVC result is consistent with that
obtained by Mu et al. (2021), because precipitation is the
main constraining factor of vegetation distribution in the
semi-arid region of QTP. In the NPP significantly changed
area, temperature was the dominant factor, which showed a
more positive influence in the middle part. The NPP result is
consistent with that obtained by Gao et al. (2013), who
demonstrated that temperature temporal change accounts
for 80% of the interannual change in vegetation NPP during
2001–2008 in QTP. It could also be explained by the changed
ecosystem structure. Huiying Liu et al. (2018) found the long-
term climate warming from 1983 to 2014 in QTP, which
resulted in high grass abundance. In the southwest part,
precipitation was explained by more NPP change, with an
almost contrasting trend to temperature due to the relative
water shortage (Yang et al., 2019).

According to the distance trends of climatic influences, it is
noted that the increased control of temperature with distances
occurred in FVC, LAI, and NPP (Figure 8). This phenomenon
conformed well to the distance trends of temperature, which
indicated that temperature plays an important role in different
zones of the buffer. Regarding precipitation, the U-type trend
occurred in LAI and NPP with a 7000-m threshold, which
showed the increased negative effects of precipitation on NPP
within 7000 m. This is probably because the higher soil water
content in the freezing-thawing area near traffic infrastructure
(Wu et al., 2003); therefore, when the precipitation increased
with the road distance (calculated by data), the soil water
content decreased more than the precipitation increased,
resulting in the decrease of NPP. This study speculates that
with the increasing distance far from the road, NPP and
precipitation will gradually show a positive correlation (Xu
et al., 2006; Yang et al., 2019).

4.4 Implications for Ecological Protection
In GLHC, the natural environment in the middle part is relatively
harsh, and the socioeconomic level is relatively low (Danggula
Mountains Town and Amdo County). In the two end parts of the
GLHC (Golmud City and Lhasa City), human activities
increased, and few areas showed improved ES indicators.
Overall, except for Golmud City, the section of the Qinghai
Province showed better vegetation restoration dynamics and
productivity-improved status, which can increase regional
carbon sequestration service. There were few areas of
increased ET and LAI; thus, the change in water provision
service is dominated by precipitation. In Tibet Autonomous
Region, the increasing human activities and the construction
of the Nagqu–Lhasa expressway section (since 2017) might
become the key factors restricting vegetation restoration.
Regarding this, evidence showed the negative effect of standoff
distance between roads and railways on animal activities in QTP
(Wang et al., 2021). The impact of landscape fragments on
vegetation dynamics has a time lag effect. It can be speculated
that three parallel linear traffic infrastructures (national highway,
railway, and expressway) might form a local microclimate, which
will cause the cumulative weakening effects.

From the buffer analysis, the vegetation recovered well at
approximately 3000–6000 m from the national highway, which
can provide more carbon storage in this region. There are typical
desert and grassland ecosystems along the highway. According to
the established vegetation restoration on both sides of the
highway, the natural restoration method is more feasible and
effective than the artificial method. To achieve the multiple ES,
such as water conservation, carbon sequestration, and soil
retention, in this case, human intervention is needed to
eliminate invasive sedge species or reseed superior local grass
species to balance natural ecosystems (Chen et al., 2014).
Moreover, the recovery of roadside vegetation is partly due to
the water collection and ventilative soil conditions on the sides of
the road. Because the survival rate of artificial grass is lower in
roadside areas, adopting stripped turf is prioritized to restore the
bare land surface. For the bare surface with better hydrothermal
conditions, artificial seeding of grass seeds can be appropriately
adopted to increase the soil retention ability.

In previous decades, to ensure that the QTP national highway
is operating well, the Chinese government spent huge
investments to renovate the highway four times. However, due
to the negative influences of the abandoned soil mound and types
of wastes on both sides of the highway, the soil is contaminated by
heavy metals, vegetation undergoes degradation, and landscape
aesthetics is lost. Therefore, government monitoring and recovery
efforts should be duly strengthened.

4.5 Limitations and Future Perspective
This study analyzed the influences of buffer distance on land-use
change, ES indicator variations, and their climatic influences,
which provide the scientific support for vegetation recovery and
ecological management along with the traffic infrastructures.
However, there are several limitations as follows. First, the
spatial resolutions of data are different, which may mask the
fine changes by coarse data, and the distance variations of climatic
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influences may be weakened within 1 km due to the resampling
process. Second, the impact of sensors should be considered. A
previous study has identified the issue of sensor degradation and
overcorrection of the algorithm, which interfered with the
accuracy of vegetation indices inversion, further resulting in
the possible spatial errors (Tian et al., 2015). It can be more
accurate by using multiple data resources and conducting the
consistency analysis. Third, some environmental factors, such as
radiation, elevation, and landscape pattern, are not taken into
consideration. Further studies are encouraged to detect the
interaction effects between various types of impact factors.
Fourth, this study focused on the differences in first-level
LUCC classification, which are not consider the differentiation
characteristics of vegetation types, further studies could pay
attention to discriminating the contributions. Last but not
least, other ES, such as soil conservation, biodiversity
maintenance, and aesthetic value, should be further
determined (Jin et al., 2021) to fully understand the change in
comprehensive ES.

5 CONCLUSION

This study aimed to investigate the ES indicator variations and
the driving factors in the alpine linear traffic corridor area. On
one hand, it fills the gap of ES topic in the linear area
dominated by traffic activities; on the other hand, it
discriminates the driving mechanism by climatic factors and
distance effect in such a long-span linear region with different
natural and socioeconomic conditions. It was found that
LUCC was faster in the last decade, most likely due to the
conversion from grassland to unused land. In buffer within
3000 m, the productive areas represented increasing trends
with distance. Among the ES indicators, the increased FVC
area was positively influenced by the enhanced precipitation
and temperature in the Qinghai Province. NPP significantly
increased, especially in the Qinghai Province, which could be
attributed to the temperature increase over the last two

decades. Nearly 60% of the area exhibited an increase in
NPP over time, whereas a degraded status was observed in
Lhasa and Nagqu, which is partly due to the expressway
construction (Nagqu–Lhasa Expressway). Temperature was
the main driving factor of NPP in the middle part, and the
impact degree tended to increase with increasing distance. The
control of precipitation on NPP exhibited a U-type negative
trend with increasing distance. This is probably due to larger
soil water content near the highway caused by the
freezing–thawing process, which offsets the effect of
increased precipitation with increasing distance. Further
studies should be directed to the relevant topics to instruct
the ecological recovery in linear traffic corridor areas of QTP.
Overall, this study could provide practical information to
guide various preservation efforts for the linear traffic
construction in alpine fragile areas.
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Spatiotemporal patterns of gross
ecosystem product across
China’s cropland ecosystems
over the past two decades

Jiaying Zhang, Yang Song and Jing Wang*

College of Resources and Environmental Sciences, China Agricultural University, Beijing, China

As the largest artificial ecosystem on Earth, croplands not only secure the

basic living materials for people but also provide ecological service values

for human society. For croplands, ecosystem services have proven to be of

great value and are closely linked to human activities and climate change.

However, spatiotemporal patterns of cropland ecosystem services and their

drivers still need to be further assessed quantitatively. In this study, we provided

a comprehensive evaluation of ecosystem services across China’s cropland

ecosystems over the past two decades using gross ecosystem product (GEP)

as a single metric of the monetary evaluation of final ecosystem services.

The values of material services, regulating services, and cultural services were

calculated to summarize the GEP value of cropland ecosystems in China.

Our results showed that the multiyear mean value of GEP was 4.35 × 107

million CNY. The value of regulating services reached 3.86 × 107 million

CNY, followed by material services of 4.76 × 106 million CNY and cultural

services of 1.16 × 105 million CNY. GEP value was di�erent among provinces,

leading to a heterogeneous spatial pattern associated with population and

cultivated area. Moreover, we analyzed the trends in the GEP value at the

provincial and national scales. The results showed that the GEP value of China’s

cropland ecosystems has increased over the period. The values of thematerial,

regulating, and cultural services have increased at a rate of (0.35 ± 0.01) × 106

million CNY a−1, (1.12 ± 0.10) × 106 million CNY a−1, and (0.002 ± 0.0002)

× 106 million CNY a−1, respectively (P < 0.05). The majority of provinces had

an increasing trend in GEP, yet some developed provinces, e.g., Beijing and

Shanghai, showed a decreasing trend. Furthermore, we evaluated the impacts

of social-economic and natural factors on changes in GEP. We found that

rising prices for agricultural products and services boosted an increase in GEP.

Meanwhile, the spatiotemporal patterns of GEP were also associated with the

adjustments of planting area in each province. Overall, our findings highlight

the importance of assessing spatiotemporal patterns of cropland ecosystem

services for decision-makers.

KEYWORDS

gross ecosystem product, ecosystem service, cropland, driving factor, spatial

distribution
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Introduction

China’s economy has maintained a rapid growth rate

over the past two decades (World Bank, 2020), yet the

ensuing environmental problems are becoming one of the

most serious threats to ecological sustainability and security

(Intergovernmental Panel on Climate Change (IPCC), 2018;

Feng et al., 2021). The balance between social and natural values

plays an essential role in achieving sustainable development

for every country (Polasky et al., 2019; Jiang et al., 2021).

Economic development will inevitably cause changes in the

internal structure of natural capital (Li et al., 2021). In

recent years, the Chinese government has recognized the

importance of addressing the goal of sustainable development

by protecting and restoring ecosystems (Naustdalslid, 2014),

as President Xi Jinping’s theory that “lucid waters and lush

mountains are invaluable assets.” More paths such as the

development of ecological civilization are needed to harmonize

the apparent contradiction between economic development and

environmental protection (Ma and Wei, 2021; Ma et al., 2021).

The Seventeenth Congress of the Communist Party of China

pointed out the construction of an ecological civilization with

Chinese characteristics. In the cropland ecosystem, it has faced

the problems of soil erosion and land degradation by natural

forces and human pollution such as excessive application of

chemical fertilizers and burning of straw. One of the aims of

ecological civilization is to solve these issues for realizing the

sustainable development of agriculture (Fan, 2011; Zhang, 2012).

As the world’s largest artificial ecosystem, the agro-

ecosystem covers nearly 40% of the global terrestrial area

(Food Agriculture Organization of the United Nations,

2020). As a country with a large population, China has

to consider the relationships between food production,

environmental degradation, and economic development in

cropland ecosystems (van Vliet et al., 2017; Zheng et al., 2019).

Resolving the conflict between social-economic development

and the conservation of highly productive farmland is significant

and has an impact on food security (Lambin and Meyfroidt,

2011). Numerous policies for cropland conservation have

been implemented all over the world, such as the Farmland

Protection Program (USA) and the Basic Law of Agriculture

(Japan). Since the late 1990s, China has adopted a series of

policies to protect croplands in order to ensure national food

security (Yang and Li, 2000; Skinner et al., 2001). The cropland

area is essential to ensure food security in China. In recent

years, China’s food production has been increasing, but it is

still facing the challenge of multiple difficulties in stabilizing

the quantity, improving the quality, and preserving the ecology

of cropland (Ministry of Agriculture Rural Affairs, 2021). To

ensure food security, the actual cropland area in the country

is maintained at 129 million hectares under the red line policy

of 120 million hectares, which is about 12.7% of the national

territory and ranks fourth in the world (Food Agriculture

Organization of the United Nations, 2020). Therefore, valuing

natural capital in China’s cropland ecosystems is of importance

for decision-makers, especially under the current national

strategy (Song and Pijanowski, 2014; Jiang et al., 2016).

Ecosystem services mean the direct and indirect

contributions of ecosystems to human society, representing part

of the total economic value of the planet, including material

services, regulating services, and cultural services (Costanza

et al., 1997; Ouyang et al., 2016). The term “ecosystem services”

is always used to assess natural resources and potential

ecological benefits for human beings to survive and develop

(Xu et al., 2021). For cropland ecosystems, the most important

functions for human wellbeing and sustainable development

are material product supply, climate regulation, soil retention,

air purification, and carbon sequestration (Rodriguez-Entrena

et al., 2014; Divinsky et al., 2017; Granado-Diaz et al.,

2020). The values of these ecosystem services in croplands

are enormous and often underappreciated (Power, 2010).

Cropland ecosystems are facing the dual challenge of increasing

food production while continuing to provide much-needed

environmental goods and services (Cao et al., 2020). China’s

massive croplands make its ecosystems even more important

for maintaining ecological balance, improving the environment,

and protecting the basic conditions for human survival (Diaz

et al., 2018; Losacco et al., 2021). Considering China’s greater

dependence on grain production, there will be a greater need

for decision-makers to clarify changes in the provision and

delivery of cropland ecosystem services to ensure self-sufficient

agriculture production and sustainable cropland management

(Fan et al., 2012).

There is a growing interest in the assessment and valuation

of ecosystem services (Carpenter et al., 2006; Jackson et al.,

2016; Gomez-Baggethun et al., 2019). The approaches from

the perspective of social-ecological systems are used to analyze,

assess, and quantify ecosystem services (Torres et al., 2021). For

instance, the Millennium Ecosystem Assessment introduced a

wide-disseminated framework for managing ecosystem services,

showing the possibility of using economic valuation to

value natural capital in ecosystems (Millennium Ecosystem

Assessment., 2005). Previous studies used the economic

valuationmethods to better understand how ecosystems provide

value to people and how to protect that value (Ranganathan,

2011). On this basis, more studies applied ecological-economic

models to estimate the value of ecosystem services from forests,

wetlands, and croplands at local and national levels (Dong et al.,

2007; Guo et al., 2008; Nelson et al., 2009; Goldstein et al., 2012;

Li et al., 2015; Ouyang et al., 2020). However, these approaches

that translate ecosystems’ contributions to the economy into

monetary terms could be inconsistent, leading to their results

that may not be comparable with each other.

To achieve a uniform measurement of ecosystem services,

Ouyang et al. (2020) developed gross ecosystem product (GEP)
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to summarize the value of the contributions of nature to

economic activity in a single monetary metric. Analogous to

gross domestic product (GDP), GEP uses market prices and

surrogates to calculate the value of ecosystem services and

then aggregate them into a measure of the ecosystems to

human society. Their results demonstrated that it is feasible

to produce an estimate of GEP with currently available data

and methods, and GEP can provide decision-makers with a

clear understanding of the monetary value of ecosystem services

(Wang et al., 2019a; Liang et al., 2021). In recent years, the

ministry of ecology and environment of the People’s Republic of

China has published the technical guideline on gross ecosystem

product which allowed to assess China’s GEP with finite data

and methods (Chinese Academy of Environmental Planning

Research Center for Eco-Environmental Sciences, 2020).

The GEP has been assessed in various studies, but it is still

difficult to compare the results, especially in agriculture. On the

one hand, there is a shortage of unified assessment methods.

On the other hand, the range of estimation and indicators

is not consistent. Relevant studies show that the assessment

of GEP mostly focuses on ecosystems such as forests and

wetlands, and there are few specific studies on croplands, let

alone a nationwide assessment of cropland ecosystem services

and differentiation of human and natural impacts. In this study,

we conducted a comprehensive analysis using GEP as a metric

of the monetary evaluation of the final ecosystem services to

assess the stock of the ecosystem and the flow of value in

China’s cropland ecosystems and their drivers from 2001 to 2019.

The GEP of material services, regulating services, and cultural

services was calculated to account for food production, water

retention, soil retention, carbon sequestration, air purification,

climate control, biodiversity, and agricultural tourism. The

biophysical quantities were estimated using the statistical survey

method, precipitation storage method, RUSLE model, carbon

sequestration mechanism model, pollutant purification model,

and evapotranspiration model following the recommended

approaches by the Technical Guideline on Gross Ecosystem

Product. The market value method, travel cost method, shadow

project method, replacement cost method, and conservation

value method were used to calculate the monetary value.

Moreover, we analyzed spatial and temporal patterns of GEP

across China’s cropland ecosystems over the past two decades.

Furthermore, we further set up seven experimental scenarios

and used the linear least square regressionmethod with an F-test

to evaluate the effects of natural factors (including precipitation,

high-temperature days, and evapotranspiration) and social-

economic factors (including acreage and prices) on inter-annual

changes in GEP. The aims of our study are as follows: (1)

to evaluate the spatial pattern of GEP across China’s cropland

ecosystems; (2) to analyze the temporal pattern of GEP in China

at the provincial scale during 2001–2019; and (3) to assess the

impacts of natural factors and social-economic factors on GEP

variation between years.

Materials and methods

Data

In our research, there were mainly three types of data,

namely, crop data, meteorological data, and geographic

information, obtained from the government departments,

the industry standards, and the literature. Data from the

government departments included the planting areas, prices,

DEM, and climate factors. They were selected mainly from

the National Bureau of Statistics, the Ministry of Agriculture

and Rural Affairs, the Shuttle Radar Topography Mission,

the Chinese National Metrological Information Center, and

so on (Supplementary Figure 1 and Supplementary Tables 1, 2).

To better assess the GEP in China’s cropland, two industry

standards containing the Technical Guideline on Gross

Ecosystem Product and Guidelines for measurement and

estimation of soil erosion in production and construction

projects (SL 773-2018) were used. Moreover, other data, such

as parameters, were collected from reviewing the literature

(Supplementary Table 3). More detailed data descriptions are

provided in the Supplementary material.

The technical framework of China’s
cropland ecosystem assessment

Ecological assessment systems of China’s GEP in cropland

have considered the individual characteristics, structure, and

ecological services. The accounting index of GEP was divided

into three major services and six smaller classes. We chose

the ecological services described above because previous studies

have shown their importance to cropland ecosystems, and we

had available data and methods to evaluate their value according

to the Technical Guideline on Gross Ecosystem Product (Yuan

et al., 2011; Li et al., 2016; Tzilivakis et al., 2019; Cai et al., 2020).

Material services, regulating services, and cultural services are

accounted for in Eq. (1). Furthermore, water retention, soil

retention, carbon sequestration, air purification, climate control,

and biodiversity are accounted for in Eq. (2), relative to

data availability:

GEP= EPV+ ERV+ ECV (1)

ERV=WR+ SR+ CS+ AP+ CC+ BI (2)

where GEP is the value of the cropland gross ecosystem

product; EPV is the value of cropland ecosystem products; ERV

is the value of regulating services; ECV is the value of cultural

services;WR, SR, CS, AP, CC, and BI represent the value of water

retention, soil retention, carbon sequestration, air purification,
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TABLE 1 Description of the evaluation methods of di�erent types of ecosystem services.

Type Description Methods Indexes used for evaluation

Biophysical Monetary Biophysical Monetary

EPV Products that

humans can obtain

from croplands

Statistical

survey method

Market value

method

Agricultural

products

The output value of

agricultural

products

ECV Provision of

spiritual sensations

and artistic

experiences

Statistical

survey method

Travel cost

method

Number of tourists

and level of

consumption

Tourism income

WR Interception and

storage

precipitation,

enhancement of soil

infiltration, and

accumulation

Precipitation

storage

method

Shadow

project

method

Precipitation

storage

Costs of

constructing water

storage and

conservation

facilities

SR Protection of soil

and reduction of

water erosion

RUSLE model Replacement

cost method

Estimated average

soil loss

Costs of reservoir

dredging project

and pollution

treatment

CS Absorption of CO2

from the

atmosphere to

synthesize organic

biomass and fix

carbon in plants or

soil

Carbon

sequestration

mechanism

model

Market value

method

Soil, fertilizer, and

straw carbon

sequestration

Trading prices in

the Chinese major

carbon market

during 2018-2019

AP Absorption and

purifier air

pollutants

Pollutant

purification

model

Replacement

cost method

Absorption of

sulfur dioxide,

nitrogen oxides,

particulates

Costs of purifying

air pollutants

according to the

Environmental

Protection Tax Law

CC Reducing air

temperature and

increasing humidity

Evapotranspiration

model

Replacement

cost method

The total energy

consumed by

evapotranspiration

The electricity

consumption price

required for human

adjustment of

corresponding

temperature and

humidity

BI Providing habitats

for species

Statistical

survey method

Conservation

value method

Area of the nature

reserve

Costs per unit area

of the nature

reserve

climate control, and biodiversity, respectively. All the variables

were defined in Table 1.

The technical framework for the GEP of cropland contained

two steps. First, the biophysical value of products and services

was calculated by obtaining the output and quantity in

China’s cropland. To calculate the GEP, the biophysical value

is measured followed by the monetary value. Second, we

collected different prices to assess the monetary value. More

detailed assessment methods are provided in Table 1 and

Supplementary material.
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Estimation of di�erent influences of
natural and social-economic factors on
ecosystem services value

Experimental scenario design

To reveal the relationship between climate change, human

activities, and GEP, we set up separate scenarios where the

normal scenario allowed all the variables to change with

time, and in the other scenarios, we kept one of all the

variables at the 2001 level while allowing the other variables

to change over time. These experimental scenarios considered

both natural and social-economic influences on the biophysical

and monetary value and also referred to the literature on

driving factors of ecosystem services (Schroter et al., 2005;

Haberl et al., 2007; Wang et al., 2016). To be specific, S0,

SP, SH, SE, SN, SA, SC, and SS represent the scenarios of

normal, no variation in precipitation, high-temperature days,

evapotranspiration, all three natural factors, planting area,

product prices, and two social-economic factors, respectively.

Owing to some prices set by the government nationwide,

therefore, we chose other drivers to compare in order to

represent variation between provinces.

Analysis methods

The trends in material services, regulating services, cultural

services, GEP, and all the scenarios in China’s croplands were

estimated using the linear least square regression method with

an F-test. Moreover, we analyzed the correlation between the

trend of GEP and natural factors (including precipitation, high-

temperature days, and evapotranspiration) and social-economic

factors (including planting area and prices) over the whole study

area. To be specific, the dominant factor is chosen by selecting

the maximum difference between the trend of S0 and the trend

of Si (i is the kind of scenario).

Results

Spatial pattern of GEP across China’s
cropland ecosystems

To evaluate the spatial pattern of GEP across China’s

cropland ecosystems from 2001 to 2019, we accounted for the

values of the material, regulating, and cultural services and then

aggregated them into GEP at the provincial and national scales

(Figure 1 and Supplementary Table 4). The multiyear mean

values of material services, regulating services, and cultural

services of China’s cropland ecosystems were 4.76× 106 million

CNY, 3.86 × 107 million CNY, and 1.16 × 105 million CNY,

respectively. The multiyear mean value of GEP was 4.35 ×

107 million CNY. However, our results showed that the values

of the material, regulating, and cultural services were different

among provinces, leading to a heterogeneous spatial pattern

of GEP across China’s cropland ecosystems. Specifically, the

values of material and regulating services in the southern

provinces were higher than those in the northern provinces,

and the values of cultural services were high in the provinces

of the North China Plain and Guangdong Province. The spatial

pattern of GEP was similar to that of regulating services

across China’s cropland ecosystems, implying that cropland

ecosystems contributed more to regulating services in the

southern provinces. Moreover, we found that one-quarter of the

provinces (including Sichuan, Henan, Hunan, Hubei, Yunnan,

Guangdong, and Guangxi) contributed to over 50% of the

total values of GEP across China’s cropland ecosystems. Unlike

natural ecosystems, cropland ecosystems were associated with

human activities. Most of those provinces with high GEP were

located on the east side of the Heihe-Tengchong line. Therefore,

the spatial pattern of GEP was influenced by the population

and cultivated area of each province according to the GEP

accounting method.

Temporal pattern of GEP across China’s
cropland ecosystems

To examine the temporal pattern of GEP across China’s

cropland ecosystems from 2001 to 2019, we analyzed the trends

in the values of the material, regulating, cultural services,

and GEP at the provincial and national scales (Figure 2 and

Supplementary Table 4). The values of the material, regulating,

and cultural services have increased at a rate of (0.35 ±

0.01) × 106 million CNY a−1, (1.12 ± 0.10) × 106 million

CNY a−1, and (0.002 ± 0.0002) × 106 million CNY a−1,

respectively (P < 0.05). Over this period, GEP associated with

China’s cropland ecosystems has increased at a rate of (1.47

± 0.11) × 106 million CNY a−1 (P < 0.05). Our results

showed that the increase in the value of regulating services

accounted for the majority of the increase in GEP over the past

two decades. Specifically, the values of soil retention, climate

control, water retention, carbon sequestration, air purification,

and biodiversity have increased at a rate of (0.86 ± 0.08) × 106

million CNY a−1, (0.11± 0.02) × 106 million CNY a−1, (0.10

± 0.01) × 106 million CNY a−1, (0.04 ± 0.003) × 106 million

CNY a−1, (0.004± 0.001) × 106 million CNY a−1, and (0.004

± 0.0004) × 106 million CNY a−1, respectively (P < 0.05).

Moreover, our results showed that the changes in the values

of the material, regulating, and cultural services were different

among provinces, leading to a heterogeneous temporal pattern

of GEP across China’s cropland ecosystems. The provinces with

a high multiyear mean GEP (including Sichuan, Henan, Hunan,

Hubei, Yunnan, Guangdong, and Guangxi) have a large increase

in GEP due to the fast rise of the value of regulating services.

However, not all provinces showed an increase in GEP, e.g.,
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FIGURE 1

Spatial patterns of cropland ecosystem services in China during 2001–2019. (A–C) Spatial patterns of the multiyear mean values of the material,

regulating, and cultural services; (D) Spatial pattern of the multiyear mean value of gross ecosystem product (GEP). The dashed line indicates the

Heihe-Tengchong line.

Beijing and Shanghai. Similar to the spatial patterns of cropland

ecosystem services in China, the temporal patterns showed an

important role in regulating services in boosting the total GEP

of cropland ecosystems in China, especially in the southern

provinces. In addition, we found a rapid increase in GEP in

Xinjiang and Inner Mongolia. With shifting the centers of

population and economy, GEP growth may no longer be limited

by the Heihe-Tengchong line.

E�ects of natural and social-economic
drivers on GEP

In this study, we performed several types of experimental

scenarios to separate the effects of natural (i.e., precipitation,

high-temperature days, and evapotranspiration) and social-

economic (i.e., planting area and product prices) drivers on

GEP during 2001–2019 (Figure 3 and Supplementary Table 5).
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FIGURE 2

Temporal patterns of cropland ecosystem services in China during 2001–2019. (A–C) Temporal patterns of the growth rates of the material,

regulating, and cultural services; (D) Temporal pattern of the growth rates of gross ecosystem product (GEP). The scatterplot is the linear

regression of each service’s value over time in China.

The normal scenario (S0) allowed all the variables to change

with time, showing a GEP trend at a rate of (1.47 ± 0.11)

× 106 million CNY a−1 (P < 0.05). For the other scenarios,

we held one of all the variables constant at its 2001 level,

while allowing the other variables to change with time. Our

results showed that the natural effects of precipitation, high-

temperature days, and evapotranspiration on GEP were (1.10 ±

0.07)× 106 million CNY a−1, (1.47± 0.11)× 106 million CNY

a−1, and (1.39 ± 0.10) × 106 million CNY a−1, respectively.

The effect of precipitation contributed to a significant increase

in GEP during 2001–2019, accounting for (0.37 ± 0.09) ×

106 million CNY a−1. The total effect of natural drivers on

GEP was (1.02 ± 0.06) × 106 million CNY a−1. Moreover,

the social-economic effects of planting area and prices on

GEP were (1.19 ± 0.09) × 106 million CNY a−1 and

(0.44 ± 0.06) × 106 million CNY a−1, respectively. The

effect of product prices contributed to a significant increase

in GEP during 2001–2019, accounting for (1.03 ± 0.06) ×

106 million CNY a−1. The total effect of social-economic

drivers on GEP was (0.23 ± 0.05) × 106 million CNY a−1.

Overall, we found that social-economic factors had a greater

impact on GEP than natural factors, driving the increase
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FIGURE 3

E�ects of (A) natural and (B) social-economic drivers on GEP. S0, SP, SH, SE, SN, SA, SC, and SS represent the scenarios of normal, no variation in

precipitation, high-temperature days, evapotranspiration, all three natural factors, planting area, product prices, and two social-economic

factors, respectively. The dotted lines indicate the value of S0. * indicates significance at the 0.05 level.

in ecosystem services in China’s croplands over the past

two decades.

Furthermore, we evaluated the effects of natural and social-

economic drivers on GEP for each province during 2001–

2019 (Figure 4 and Supplementary Table 6). Considering the

uniformity of prices across 31 provinces in China, we only

separated the effects of the other variables (i.e., precipitation,

high-temperature days, evapotranspiration, and planting area)

on GEP at the provincial scale. Our results showed that the

trends in GEP were dominated by the changes in planting

area in 20 of the 31 provinces over the past two decades.

Specifically, the increases in planting area led to the growth

of GEP in most provinces, such as Hunan, Yunnan, and

Guizhou. However, for the provinces with faster economic

development, such as Guangdong, Fujian, Hebei, Zhejiang,

Hainan, Shanghai, Tianjin, and Beijing, the decreases in

planting area resulted in slow growth and even a decrease in

GEP. In addition, the changes in precipitation dominated the

growth of GEP by affecting 8 of the 31 provinces, including

Sichuan, Hubei, Jiangxi, and so on. Meanwhile, the changes

in evapotranspiration dominated the growth of GEP affecting

3 of the 31 provinces, including Guangxi, Shandong, and

Tibet. As we mentioned above, the changes in GEP were

more relevant to social-economic factors rather than natural

factors at both the provincial and national scales. China’s

social-economic policies (e.g., land-use change, ecological

redline policy, and macro-economic control) exhibited a

significant role in cropland ecosystem services over the past

two decades.

Discussion

As the foundation of social development, agriculture has

consistently played an irreplaceable role in the national economy

(Swinton et al., 2007; Power, 2010; Schipanski et al., 2014).

The assessment of products and services within croplands

helps to better understand the current state of agricultural

development (Duguma et al., 2019; Balzan et al., 2020). However,

many ecosystem services have indirect market-based prices in

the current assessment system, and each service has different

price accounting methods, making the assessment results more

dependent on choices of distinct methods and consequently

less comparable (Polasky et al., 2015). Therefore, a valuation

was carried out for the cropland ecosystem services in China

during 2001–2019 for 31 provinces (autonomous regions and

municipalities) in our study, aiming to address the uncertainty of

existing assessment strategies for the selection of indicators and

inter-annual variables for each province. For example, Xie et al.

(2015) calculated the value of the ecological services equivalent

factor for rice, wheat, and maize. The factor was only defined as

the value of the natural production of croplands with a national

average yield of 3406.5 CNY·hm−2. After adding ecological

services of croplands, the value has increased to 12919.2

CNY·hm−2 (Huang et al., 2022). Compared with previous

studies, our estimated GEP is slightly larger than their findings

(Chen et al., 2020; Yang et al., 2020; Jia et al., 2021). The major

reason could be due to the selection of ecosystem indicators,

inconsistent pricing methods for products and services, and

inter-annual variations in model parameters. Some previous
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FIGURE 4

E�ects of natural and social-economic drivers on GEP for 31 provinces in China. S0, SP, SH, SE, SN, SA, SC, and SS represent the scenarios of

normal, no variation in precipitation, high-temperature days, evapotranspiration, all three natural factors, planting area, product prices, and two

social-economic factors, respectively. The dotted lines indicate the value of S0. * indicates significance at the 0.05 level. The colors of the

rectangle on the right side indicate the dominant driver.
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studies have concluded that material services were the dominant

services of cropland ecosystem, which is mainly attributed to the

fact that the material produced in the previous studies contained

the additional products of cropland. For example, Yin et al.

(2022) considered the value of straw, which was included in

the carbon sequestration of regulating services in our study. In

addition, compared with previous studies, we integrated more

regulating services subsets to further expand its value (Bai et al.,

2010; Marinidou et al., 2019; Cai et al., 2020). Therefore, it

is recommended to strengthen the standardization of essential

aspects such as ecological product assessment framework, index

system, methods, and key parameters in the research of GEP,

so as to achieve the systematic, repeatability, and horizontal

comparability of results.

In our study, we found that the values of the southern

provinces were generally higher than those of the northern

provinces. More than half of China’s croplands were in Hebei,

Shandong, Henan, Shanxi, Heilongjiang, Jilin, Liaoning, and

Sichuan (Song and Deng, 2017). However, China’s precipitation

resources were abundant but unbalanced, leading to a spatially

heterogeneous distribution of GEP (Wang et al., 2016).

Moreover, the provinces with high GEP were located on the

east side of the Heihe-Tengchong line, which indicates a

positive correlation between agriculture, population density, and

topography (Wang et al., 2019b). Our results also showed that

the major reasons why GEP was increasing in most of China’s

provinces were the effects of variation in price, planting area,

and precipitation. Similarly, the findings on population, social-

economic level, and industry scale for spatial heterogeneity

have been proved in other studies (Gordeev et al., 2021; Wang

et al., 2021, 2022; Zeng and Wang, 2022). In China, the effects

of population growth and urbanization were significant. The

decrease in food supplies has made structural inflation inevitable

(Durevall et al., 2013). China’s government has implemented a

policy of agricultural subsidies to encourage cultivation, which

was aiming at maintaining planting areas and safeguarding

production (Huang and Yang, 2017). However, due to economic

development accelerating the process of urbanization and

reducing planting area, the two provinces where GEP was

decreasing were Beijing and Shanghai. Due to the responses

exhibited in both areas, specific ecological protection policies

should be adopted. Besides, the provinces that were influenced

by precipitation weremostly distributed along the Yangtze River.

The phenomenon may be caused by the significant effects

of meteorological factors on the extreme precipitation of the

Yangtze River (Zou et al., 2021).

At present, the assessment of GEP in croplands is still in

a developing stage, there are many imperfections. The effort

in this study represents a start toward accounting of GEP

in croplands, but much work remains. First, data limitations

lead to an inaccurate estimation of assessment. Therefore, it

is important to improve the scale, resolution, and frequency

of data collection to examine a comprehensive and accurate

accounting. Second, the growth periods of different plants

should be considered in the calculation and usingmeteorological

data at different stages. Maybe we estimated the contribution of

croplands slightly higher than it actually was by using annual

data. Third, although we have considered the influence of

three natural factors and two social-economic factors and set

up seven different scenarios based on each ecosystem service

assessment process and referring to previous literature, the

drivers of cropland ecosystems are still complex and various. We

need to measure more comprehensively the drivers of cropland

ecosystems, such as the population density and the transfer of

GEP in croplands among provinces after policy regulation. This

is an issue that needs to be considered in the future.

Conclusion

This study uses GEP as a metric of the monetary evaluation

of final ecosystem services to estimate the stock of the ecosystem

and the flow of value in China’s cropland ecosystems and their

drivers from 2001 to 2019 based on crop data, meteorological

data, and geographic information. The study presents the

following conclusions: (1) The average of China’s GEP in

croplands over the past two decades was 4.35 × 107 million

CNY. From the perspective of different ecosystem services, the

value of regulating services reached 3.86 × 107 million CNY

and accounted for 88.78% of the gross ecosystem products.

This was followed by material services 4.76 × 106 million CNY

and cultural services 1.16 × 105 million CNY. Specifically, the

values in the southern provinces were higher than those in

the northern provinces. (2) In general, the temporal pattern

of GEP across China’s cropland ecosystems showed a positive

trend during 2001–2019. GEP associated with China’s cropland

ecosystems has increased at a rate of (1.47 ± 0.11) × 106

million CNY a−1 (P < 0.05). The values of the material,

regulating, and cultural services have increased at a rate of

(0.35 ± 0.01) × 106 million CNY a−1, (1.12 ± 0.10) × 106

million CNY a−1, and (0.002± 0.0002)× 106 million CNY a−1,

respectively (P < 0.05). Within the regulating services, the

value of soil retention increased most rapidly, followed by

climate control, water retention, and carbon sequestration,

and the slowest was in the values of air purification and

biodiversity. However, not all provinces showed an increase in

GEP, e.g., Beijing and Shanghai. (3) In addition, social-economic

factors have contributed more to cropland GEP than natural

factors. In particular, inflation has significantly improved GEP

over the past two decades. Furthermore, except for economic

factors, the planting area influenced most provinces. It is

expected that the results of our study will provide a novel

insight for the future ecological assessments of cropland. This

information will assist stakeholders in the scientificmanagement

of agriculture in China and draw greater attention to the utility

of its resources.
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Carbon Neutrality, International Trade,
and Agricultural Carbon Emission
Performance in China
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International trade and agricultural development play important roles in carbon neutrality.
This study uses the Malmquist index to quantify agricultural carbon emission performance
and the panel data regression model to analyze the relationship between international
trade and agricultural carbon emission performance. Data from 2005 to 2020 were used.
The results show that the agricultural carbon emission of China has increased slowly since
2005. There is still an improvement space for low-carbon agricultural productivity. As for
the relationship between agricultural international trade and carbon emission performance,
the coefficient of the total trade in agricultural products is 0.0444. Suggestions on
agricultural international trade and the development of low-carbon agricultural
production are put forward, which will provide technical support for carbon neutrality.

Keywords: carbon neutral, international trade, agricultural carbon emission, spatial pattern, Malmquist index

1 INTRODUCTION

Carbon reduction has become the inevitable choice and optimal path to dealing with climate change
(Chang and Dong, 2016). The balance between agricultural carbon emissions and economic benefits
resulting from trade liberalization and economic development has become an important
development indicator (Yang, 2019a). The effects of trade liberalization on agricultural carbon
emissions need to be quantified.

The development of China’s agricultural trade has encountered major obstacles. After two
consecutive years of decline (Bu et al., 2018), China’s agricultural imports and trade deficit increased
again in 2020. The total import and export of agricultural products exceeded US $200 billion,
reaching record highs. The trade deficit, which had been shrinking in the past few years, has grown
again, driven by rapid import growth (Wang et al., 2018; Sohlberg and Yvon, 2019). In the process of
rapid economic growth, environmental pollution has become increasingly prominent, and global
climate change caused by anthropogenic greenhouse gas emissions has become a global concern (Yu
and Chen, 2017; Wu et al., 2018). On the relationship between environmental degradation and
economic growth, various hypotheses, such as the Porter hypothesis, the pollution haven hypothesis,
the resource curse, and the environmental Kuznets curve, have been proposed (Fu et al., 2018). The
relationship between economic growth and carbon emissions is becoming a hot research topic in
academia (Li, 2013; Yang, 2019b). Compared with the transportation and energy sectors, the
agricultural sector contributes less to global emissions (Li, 2012). The rural revitalization strategy of
China aims to realize sustainable development of rural areas, which contains requirements for
environmental protection, such as establishment of environmental governance systems and
improvement of living environments (Balsalobre-Lorente et al., 2019). The agricultural carbon
budget of China benefits from trade surplus in major agricultural products, while these benefits have
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been offset recently because of rapid increases in imports of
grains, edible oilseeds, and other agricultural products (Pendrill
et al., 2019). Therefore, finding low-carbon pathways to develop
China’s agricultural sector has become an important priority.

Carbon emissions have attracted the attention of different
scholars since the 1990s, and many scholars have begun to
explore the relationship between carbon emissions and the
economy and trade, especially for the effect of carbon
emissions caused environmental problems on economic
development (Li and Cui, 2017). Generally, in the early stage
of industrial development, the leading industries in the economic
structure are mainly agriculture. With economic development
and the rapid increase in fossil energy use, carbon emissions will
also rapidly increase. In the later stages of industrial development,
the economy gradually shifted to the secondary and tertiary
industries, the emission structure will be gradually improved
by efficient energy use, environmental quality will be further
improved, and the evolution of the industry process and the
environment Kuznets curve will be fully consistent. In the study
of urban air quality, Grossman and Kruger (1991) explored the
empirical relationship between environmental quality and per
capita income and found that when per capita income reaches
$4,000–$5,000, there will be a willingness and tendency to reduce
environmental pollution, which proves that the relationship
between economic growth and environmental carbon
emissions is not entirely conflicted.

Because of strict environmental systems, pollution emissions
will slow down at every stage of economic growth below emission
levels without institutional impacts. Besides, the inflection point
of environmental emissions will occur ahead of time, and the
environmental Kuznets curve will become relatively stable, and
the curve will be lower. With economic growth, environmental
problems will be improved, and in this sense, pollution control is
not more important than promoting economic growth.
Specifically in terms of carbon emissions, the study points out
that the relationship between carbon emissions and GDP per
capita is structurally stable, and the relationship between carbon
emissions and GDP per capita is upwardly skewed, but economic
growth is not sufficient to reduce carbon emissions; thus, all
countries should strive to reduce carbon emissions.

2 THEORETICAL FRAMEWORK

Study on the impact of trade on carbon emissions can be divided
into three categories Figure 1. First, research can be based on the
assumption that international trade is conducive to carbon
emission reduction (Tian et al., 2016) and that Chinese
enterprises will borrow or improve technology (Chen et al.,
2019) to meet strict sustainability standards imposed by
international clients. Second, some studies are based on the
assumption that international trade hinders the reduction of
carbon emissions (Cui and Li, 2017); they assume that the
pursuit of greater economic benefits in a highly competitive
world promotes the adoption of cheaper modes of production
at the expense of the environment (Xia, 2014). Third, some
studies are based on the assumption that education level, laws,

regulations, and other aspects of the country of production jointly
determine or influence the national capacity to absorb technology
and reduce carbon emissions (Yang and Martinez-Zarzoso,
2014); therefore, these studies assume that the effect of
international trade on carbon emissions is ambiguous.

2.1 Capital Formation Resulting From Trade
Agricultural carbon emissions performance is influenced by
capital, technology, knowledge, management, and other
elements of international trade applied to the national
technological level and industrial structure adjustment (Diao
et al., 2012). Therefore, in order to understand agricultural
trade and mechanisms that influence agricultural carbon
emissions performance, it is necessary to first identify spillover
effects on the national capital. Existing studies show that the
agricultural production of a country is equivalent to that involved
in agricultural trade through technology spillovers and industrial
connection (Chen and He, 2017). However, this depends on the
quantity and quality of the products being exported. If imported
products are high in quality or low in cost, they may crowd out
the domestic market, while the opposite may happen if imported
products are lacking or play a guiding role in the domestic market
(Fojtíková, 2018).

2.2 Technology Transfer Resulting From
Trade
Technological progress has become an important driving force
for industrial development (You and Wu, 2014); especially in
modern times, taking advantage of technological progress has
become the goal of many governments in the world. The
agricultural production of China is impacted by technology
transfer from trade, especially when production reaches a
certain scale (Cheng et al., 2019). However, extensive
agriculture can only meet domestic demands; without an
increased focus on pure industrial capital, further development
of the agricultural industry would be difficult. Agricultural trade
can promote the upgrading of industrial technology through
technical assistance and technology licensing and sales, thereby
promoting reductions in agricultural carbon emissions (Zhang
and Tian, 2019).

2.3 Technology Spillover Resulting From
Trade
Technology transfer resulting from trade can lead to agricultural
carbon emission reductions across the country. The
demonstration and imitation effect and the market
competition effect are some of the technology spillover effects
of agricultural trade (Jiang et al., 2015; Li et al., 2015). With the
development of trade, Chinese enterprises learn from, imitate,
and absorb the experience of more technologically advanced
countries (Qin, 2013). Therefore, their production and
efficiency can be continuously improved, and carbon
emissions can be reduced. This demonstration and imitation
effect is dependent on the learning capacity of the local
production team, as well as the mastery and management of
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advanced technology (Tian et al., 2014). The market competition
effect is an indirect effect, which can be positive or negative. The
positive effect leads to more efficient allocation of domestic
resources and improvement of national welfare (Rozelle,
2017). Availability of advanced technology from foreign
countries intensifies competition among domestic companies,
which promotes improved company management, and creates a
virtuous circle for the reduction of carbon emissions.

In this study, the mechanism of trade influencing
agricultural carbon emission performance is systematically
analyzed, the crowding-in and crowding-out effects caused
by trade is researched, which can ultimately lead to emission
reductions (Zhang et al., 2017). In addition, the structural
effect of resource consumption brought about by exports when
the country has a dominant market position is examined,
which otherwise brings about the imitation of technology
and emission reductions.

3 DATA AND METHODS

3.1 Data
On the basis of existing studies, a logical, science-based index
system that can evaluate agricultural production efficiency is
constructed. It provides a basis for the objective evaluation of
agricultural carbon emission performance. Following existing

definitions of agricultural production efficiency and similar
index systems proposed in other studies and considering data
accessibility, purpose, and other factors, the input and output
indicators for the index system are identified (Table 1). The
decision-making unit includes 31 provinces, municipalities, and
autonomous regions in China.

Three main categories are included in input indicators: labor,
land, and agricultural resources. For each province, municipality,
or autonomous region, the number of persons employed in the
primary agricultural industry (unit: 10,000 people) is used as the
labor indicator. Land indicators include proportions of different
crops, proportions of fallow, and abandoned land in different
regions. Agriculture consumes resources that mainly include
chemical fertilizers, pesticides, agricultural film, farm
machinery, and water. The main agricultural resources
indicators include quantities of agricultural fertilizer, pesticide,
and agricultural film used; total agricultural machinery power
(unit: kilowatts); quantity of water used for irrigation; and the
surface area of the provincial effective irrigation area.

This study focuses on two output variables: total output of
agriculture, forestry, husbandry, and fishery and agricultural
carbon emissions.

The data derives from China Statistical Yearbooks from 2000
to 2016, provincial statistical yearbooks in the same period, a
collection of agricultural statistical data spanning the last 30 years
of reform and opening-up, and a collection of statistical data
spanning the 60 years since the establishment of the People’s
Republic of China. Data availability on use of chemical fertilizers,
pesticides, agricultural film, sown area, total power of agricultural
machinery, effective irrigation area, and working population
involved in the primary agricultural industry varies between
years. The total value of agricultural output (gross value of
agricultural, forestry, livestock, and fishery output) is
calculated using the agricultural producer price index.
Constrained by data availability, the study is limited to the
provincial level.

3.2 Malmquist Productivity Index
Intertemporal dynamics and the geometric mean of the
Malmquist productivity index are utilized to account for the
undesired output of carbon emissions. The agricultural carbon
emission performance index (ACPTFP) is defined as a slack-
based measure of efficiency based on directional distance
functions:

TABLE 1 | Input and output indicators of agricultural production efficiency index system.

Variables Indicators Units

Input indicators Labor input The number of employees in the primary industry 10,000 people
Land input Crop planting area Thousands of hectares
Fertilizer input The scalar quantity of agricultural fertilizer 10,000 tons of
Pesticide input Pesticide use Tons of
Agriculture film input Agriculture film use Tons of
agricultural machinery input Total power of agricultural machinery Million kilowatt-hour

Output indicators Agricultural, forestry, livestock, and fishery output value 100 million yuan
Agricultural carbon emission 10,000 tons of

FIGURE 1 | Theoretical framework between international trade and
carbon emission performance.
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where ACPTFP between time period t and t + 1 is calculated by
multiplication, division, and referencing to adjacent time periods
and can be decomposed into the technology efficiency change index
(EC) and the technology progress index (TC). An ACPTFP value
greater than 1 indicates an increase in carbon emission performance;
otherwise, it indicates a decrease in performance. An EC value
greater than 1 indicates improvement in technical efficiency;
otherwise, it indicates deterioration of technical efficiency. A TC
value greater than 1 indicates advance of the agricultural production
technology frontier; otherwise, it indicates a retreat.

3.3 Panel Data Regression Model
Agricultural trade and carbon emissions performance involve
technology spillovers and effects that are similar to those of
foreign direct investment. Therefore, the international direct
investment model of Coe and Helpman (1995) is also used,
which has been widely adopted and has become a classic
international technology spillover model:

LnTFPi � α0
i + αd

i ln S
d
i + αfi ln S

f
i (2)

where, i represents the region, LnTFP represents the agricultural
carbon emission performance, ln Sdi represents the spillover stock
of domestic research and development (R&D) investment, and
ln Sdi represents the spillover stock of foreign R&D investment
obtained from agricultural trade. According to this model,
national productivity depends on its own R&D investment
and knowledge spillover from foreign R&D. Based on an
econometric model, the carbon emission performance index
(ACPTFP) is defined as follows:

ACPTFP � α0 + α1TRADEit + α2RDG + μi + εit (3)
where i and t represent the different provinces and time,
respectively; ACPTFP represents the agricultural carbon
emission performance; TRADE represents the agricultural
product; RDG represents the domestic R&D investment; μi is
the unobservable regional effects; and εit is the random
disturbance terms. Studies have indicated that human capital
can influence technological innovation and the capacity and
speed at which foreign technologies can be absorbed. Besides,
financial development is able to bring about sufficient capital to
satisfy demand and can also provide credit funds to support
innovations in production and environmental protection
technologies. As more innovations are supported, there is a
higher chance that at least some will succeed, guaranteeing
carbon emission reductions. Environmental regulation is an
important variable and affects agricultural carbon emissions in
two ways. On the one hand, regulations can add compliance costs,
raising production costs and forcing companies that are unable to

bear these new costs to be crowded out of the market. On the
other hand, companies that adopt new technology to follow
higher environmental standards may become more
competitive and be compensated by being chosen by more
consumers. Besides, different industrial structures will also
have an impact on agricultural carbon emissions. Therefore,
human capital, financial development, environmental
regulation, and industrial structure are included into the
empirical model for agricultural carbon emissions performance:

ACPTFP � α0 + α1TRADEit + α2RDGit + α3HUMit + α4FINit

+ α5REGit + α6INDit + μi + εit

(4)
whereHUNit represents the human capital, FINit represents the
financial development, REGit represents the environmental
regulation, INDit represents the industrial structure, and εit
represents the random disturbance term.

Studies show that agricultural trade and financial development
have effects on agricultural carbon emissions. Reduction in
carbon emissions can lead to more sustainable and
competitive products, which, in turn, impact economic growth
and trade. Besides, economic growth can also increase demands
for financial and other products. Therefore, the empirical model
for agricultural carbon emissions performance is further
modified. A first-order lag term of agricultural carbon
emission performance is introduced to address possible
endogeneity issues and time series data gaps:

ACPTFPit � β0 + β1ACPTFPi,t−1 + β2TRADEit + β3RDGit

+ β4HUMit + β5FINit + β6REGit + β7INDit + μi

+ εit

(5)
where ACPTFPi,t−1 represents the first-order lag term of
agricultural carbon emission performance. To ensure the
consistency of coefficient and standard error estimates without
having to determine the form of conditional variance functions,
the ordinary least squares (OLS) regression is performed, and
heteroscedasticity-robust standard errors of coefficients are
calculated.

4 RESULTS AND DISCUSSION

4.1 Agricultural Carbon Emission
Performance
The ACPTFP is calculated on the basis of relative efficiency.
Therefore, interpretation and analysis of ACPTFP values are a
form of dynamic analysis that takes into account relative effects.

Low-carbon agricultural productivity has increased slowly
since 2005 (Table 2). The average annual contribution of
technical efficiency (EFF) to productivity is only 0.04%. The
average annual contribution of scale efficiency (SECH) to
productivity has been increasing slightly, by 0.10% annually,
while that of pure technical efficiency (PECH) has been
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decreasing by 0.06% annually. There is still an improvement
space for low-carbon agricultural productivity.

4.2 Impact of Agricultural Trade on
Agricultural Carbon Emission Performance
To identify the most appropriate model for the data, the F test and
the Hausman (H) test are utilized. The null hypothesis of the F
test is that the mixed regression model is superior, and it is
rejected because of the p value of 0.00 (Table 3). The null
hypothesis of the H test is that the random-effects model is
superior, and it is rejected because of the p value of 0.00.
Therefore, the fixed effect model is chosen.

To measure the impact of agricultural trade on carbon
emission performance, the OLS and the generalized method of
moments (GMM) are used to estimate parameters in the model
and calculate heteroscedasticity-robust standard errors of the
coefficients. In order to minimize errors and effects of missing
variables, all variables are entered into the model to determine the
role of agricultural trade. Then, to estimate model parameters,
other control variables were added in order, so that the effect of
each control variable could be identified. Models (1)–(3) are
calculated using the OLS and robust standard errors (Table 4).
Only the impacts of trade and human capital on emission
performance are included in Model (1). Some variables of
industrial development and environmental regulation are
included in Model (2), and more variables are included in
Model (3). All variables are statistically significant in both
models. For Model (4), the Wald test is statistically significant
at the 1% level. The Sargan test fails to reject the null hypothesis;
therefore, all instruments are valid. The AR (1) and AR (2) tests
fail to reject the null hypotheses; therefore, there is no first- or

second-order autocorrelation. These test results prove the robust
dynamic panel model and reliable estimates of parameters. In
addition, the coefficient of the first-order lag term of agricultural
carbon emission performance is positive and large, indicating that
emission performance is affected by the variables in the model
and is also negatively affected by emission performance of the
previous period.

Columns 2–4 show results from the OLS regression; numbers
in brackets are t-values of the standard error of the variable.
Column 5 shows results from the GMM; numbers in brackets are
Z-values of the variable or p-values of the Wald, AR (1), AR (2),
and Sargan tests.

Model (4) is examined more closely to explore its economic
significance. The coefficient of total agricultural trade is 0.0444,
which is statistically significant at the 5% level, indicating that
agricultural trade significantly promotes emission performance.
The results are consistent with findings reported in other studies,
the agricultural sector of China is at the stage of learning and
adopting advanced technology from foreign countries; its
production systems are being upgraded in the process.

Trade has led to a large number of foreign products entering
the Chinese market, meeting the needs of Chinese people. It has
also brought advanced technology and management standards to
China. Although these technologies are less advanced compared
with those of foreign countries, they have considerably increased
average domestic production. Therefore, trade has had a strong
effect on the increase in agricultural carbon emission
performance, validating the hypothesis of technology spillover.
In addition, some agricultural enterprises will move into the
agricultural service sector to help other companies to upgrade
their technologies. Through the demonstration and imitation
effect, domestic agricultural production will be transformed,
and competition in the domestic market will be accelerated.

Through comparative analysis among different regions, it can
be found that from the perspective of regional heterogeneity, the
proportion of the tertiary industry to the performance of
agricultural carbon emissions has a difference in the eastern
region, the central region, the western region, and the
northeast region. Besides, in the eastern and northeast regions,
the proportion of the first industry to the performance of
agricultural carbon emissions shows a negative effect, while in
the central and western regions, the proportion of the first
industry to the performance of agricultural carbon emissions
shows a positive effect, which is due to the development of the
region. From a national perspective, the performance of
agricultural carbon emissions showed a downward trend with
the increase of the proportion of the agricultural output value,
indicating that the development of agriculture needs to achieve
green transformation and high-quality development, rather than
the current high-emission, high-energy consumption. It is

TABLE 2 | Agricultural carbon emission performance, 2005–2020.

Time Period ACPTFP EC TC

2005–2006 1.0290 0.9880 1.0427
2006–2007 1.0202 1.0338 0.9955
2007–2008 1.0561 1.0156 1.0480
2008–2009 1.0879 1.0196 1.0725
2009–2010 1.0825 1.0122 1.0737
2010–2011 1.0831 1.0063 1.0805
2011–2012 1.0946 1.0067 1.0911
2012–2013 1.1031 1.0081 1.0974
2013–2014 1.1029 1.0088 1.0962
2014–2015 1.1073 1.0085 1.1006
2015–2016 1.1142 1.0071 1.1089
2016–2017 1.1138 1.0065 1.1089
2017–2018 1.1115 1.0064 1.1065
2018–2019 1.1080 1.0055 1.1039
2019–2020 1.1036 1.0053 1.0996

TABLE 3 | F and Hausman (H) tests of fixed effects and random effects.

Inspection Method Null Hypothesis Statistics Value of P

F test Mixed regression model is better 3.46 0.0000
H test The random-effects model is better 201.16 0.0000
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necessary to turn to more energy-saving and low-consumption
links; at the same time, the central and western regions of
fertilizer, pesticides, and other agricultural carbon emissions
performance is the main reason for the low.

At the regional level, the ratio of agricultural exports to the
total value of primary industry is negatively related to agricultural
carbon emission performance, which shows that the main role of
agricultural exports in agricultural carbon emission performance
is the increase of agricultural carbon emissions. Although the size
of the role is different among regions, the central region has the
greatest role and the negative effect at the national level.

The ratio of agricultural imports to the first industry has a
positive effect on the performance of agricultural carbon
emissions at the regional level, where the central region exerts
the greatest role, which is linked to the regional geographical
location and characteristics. Besides, agricultural imports can
bring advanced management and technical experience to the
region, thus further improving the performance of agricultural
carbon emissions.

The proportion of agricultural labor force to the national labor
force has a negative effect on the performance of agricultural
carbon emissions, except for the western region. It is closely
related to the large area of local land and sparsely populated area,
and the increase of agricultural labor force in the western region
will strengthen the existing labor force’s efforts in agriculture,
thereby reducing agricultural carbon emissions and improving
agricultural carbon emission performance.

The urbanization rate has a negative effect on the performance
of agricultural carbon emissions, except for the western region. It
is due to the increase of agricultural production demand in the
process of urbanization, resulting in the blind expansion of
regional production, thus reducing the performance of
agricultural carbon emissions. For the western region, the level
of agricultural carbon emission performance still needs to be
further improved, and for this reason, the expanded agricultural

production demand will drive the performance of agricultural
carbon emissions in the western region.

5 CONCLUSION AND DISCUSSION

In this study, carbon emission performance is calculated, and
the effect of international trade on carbon emission
performance is assessed. agricultural carbon emission
performance has increased slowly since 2005. The average
annual contribution of EFF to productivity is only 0.04%.
The average annual contribution of SECH to productivity
has been increasing slightly, by 0.10% annually, while that
of PECH has been decreasing by 0.06% annually. There is still
an improvement space for low-carbon agricultural
productivity. In the econometric model of agricultural
carbon emission performance, the coefficient of total trade
in agricultural products is 0.0444, which is statistically
significant at the 5% level, indicating that agricultural trade
significantly promotes emission performance. The results are
consistent with findings reported in other studies. The
agricultural sector of China is at the stage of learning and
adopting advanced technology from foreign countries; its
production systems are being upgraded in the process. The
results disclose the relationship among carbon neutrality,
international trade, and carbon emission performance,
which is of vital importance to future carbon neutrality. The
countryside is the main area of the ecological environment, and
the ecology is the biggest development advantage of the
countryside. Rural industries should be greener. We must
really make good use of the “two mountains” concept;
continuously improve the “value” of green waters and green
mountains; explore the “value” of Jinshan Yinshan; accelerate
the development of forest and grassland tourism, river and lake
wetland tourism, and other emerging industries; actively
develop tourism agriculture, green health, ecological
education, and other services; and walk out of a sustainable
rural development path of ecological beauty, industrial
prosperity, and people’s prosperity. Agricultural emission
reduction does not mean not to apply fertilizer, not to spray
medicine, or not to raise pigs but to work the reduction cycle
and turn waste into treasure. It is necessary to continue
promoting the reduction of chemical fertilizers and
pesticides, the replacement of chemical fertilizers with
organic fertilizers for fruit and vegetable tea, and green
prevention and control products and technologies. It is
necessary to promote the resource utilization of agricultural
waste, so that livestock and poultry manure can be turned into
biogas power generation, biogas slurry and biogas residue can
be used as organic fertilizer, and straw can be used as
biomass fuel.
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TABLE 4 | Results of multiple regression models.

Variable OLS Regression System GMM

(1) (2) (3) (4)

ACPTFP (−1) −2.5393***
(−7.16)

ATD (−1) 0.0027* −0.0033* −0.0046** 0.0444**
(1.02) (−1.76) (−2.03) (3.86)

HUM 1.26** 1.7225*** 1.7031*** 4.2143***
(2.54) (2.89) 2.86 (3.14)

IND 2.7446*** 2.7475*** 0.08178
(5.38) (5.39) (0.55)

IND (−1) −2.5198*** −2.5148*** −0.0034**
−5.63 (−5.62) (−2.94)

REG 0.0658 0.3613
(1.05) (1.21)

F 3.34 10.15 8.34
Wald 59.23*** (0.000)
AR (1) −1.04 (0.30)
AR (2) −1.33 (0.18)
Sargan 14.77 (0.32)

Note: *, **, and *** represent statistical significance at the 10, 5, and 1% levels,
respectively.
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