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Abstract: Terrestrial ecosystem health (TEH) is the basis of regional sustainability development. The
state of TEH is an important research direction in the land science field. The purpose of this paper
was to explore the development trends and influencing factors of the. By using the radial basis
function (RBF), neural network model, geographic information system (GIS), and the comprehensive
index method, this paper predicted the land ecological changes of Henan Province from 2007 to
2025 based on a comprehensive evaluation of the system. The results show that the TEH of Henan
Province exhibited a general trend of improvement from 2007 to 2025. The predictions exhibited a
tendency to fluctuate and increase, from “severe warning” to “moderate warning” and even to “no
warning” state. The early warning index of the subsystem showed a fluctuating upward trend except
for the press subsystem, which fluctuated between “extraordinary warning” and “heavy warning”
states. The overall TEH level is improving but is largely dependent on effective corresponding
measures. The health status of the land ecosystem in Henan Province is guaranteed to be stable
due to improvements in rural residential incomes, mechanization levels of cultivated land, domestic
sewage treatment rates, and the numbers of scientific and technological personnel per unit of land.
The TEH is mainly restricted by the population densities, urbanization levels, inputs of fertilizers and
pesticides, and average wastewater load factors of the land. To improve the health level of the land
ecosystem, it is necessary to reduce the use of fertilizers and pesticides and to control the urbanization
rate. At the same time, improving the level of forest coverage and the effective irrigation rate play a
positive role in improving ecosystem health. The results provide a reference for land-use planning

and management decisions.
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1. Introduction

Ecosystems provide resource support and ecological service guarantees for the sus-
tainable development of human societies [1]. Maintaining a healthy ecosystem state is
an important way to achieve the sustainable development of the natural economy and
society [2,3]. However, the intensification of human activities, especially the excessive
demand for land resources, has led to significant changes in the ecological environment [4].
Factors such as soil pollution [5,6] and reduced farmland quality [7,8] jointly damage the
ecosystems. Therefore, with the passage of time, increasing attention has been given to
ecological environmental issues. Ecosystem health has become a widely studied research
topic. As the basis for providing all resources, terrestrial ecosystems are related to the
cycles and development of all ecosystems [9,10]. The vast majority of the population lives
on land, so we refer to the terrestrial ecosystem.

The concept of land health was first proposed by American scholars and means that
human use has not destroyed the integrity of land [11]. Ecosystem health represents the
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structural and functional integrity of ecosystems, which can provide resource support and
ecological service guarantees for the sustainable development of human societies [12]. Since
the 1970s, terrestrial ecosystem health (THE) has received much attention from governments
and academia, and its meaning has further evolved. Scholars have conducted much re-
search on the ecosystem changes caused by human activities. For example, microorganisms
can be monitored to assess the health status of ecosystems [13,14], the relationships be-
tween nutrients and ecosystem health can be analyzed [15,16], and the impacts of different
agricultural behaviors on ecosystems can be analyzed [17]. Quantitative detections at the
microlevel can accurately reflect the impact of human activities on ecosystems. In addition,
some scholars have examined terrestrial ecosystem changes by monitoring land use/land
cover (LULC) changes coupled with increased emissions of greenhouse gases [18,19]. How-
ever, the economic behaviors resulting from human use of resources such as land are
external factors of ecosystem changes, so integrating economic behaviors into the research
can provide a more comprehensive understanding of these factors. The Organization for
Economic Cooperation and Development (OECD) and the United Nations Environment
Program (UNEP) introduced the pressure state response (PSR) model and applied it to the
study of environmental problems to indicate the level of ecosystem health [12]. Since then,
the PSR model has been widely used in the study of TEH. Many scholars have carried out
evaluations in different regions [20,21] and in different ecosystems [22,23], and the indicator
systems they have developed are diverse [21,24]. In addition, a number of ecosystem health
assessment frameworks are widely used, including driving force-pressure—state-response
management (DPSIRM) [25,26] and vitality-organization—resiliency (VOR) [27-29]. They
all accurately reflect the characteristics of ecosystems. The existing studies mainly focus on
current conditions [28,30]. Ecosystem health statuses based on ecosystem early warnings
are necessary and should focus on exploring spatiotemporal differences and early warn-
ings for the future, because human impacts on ecosystems lag, and the land destruction
losses are difficult to identify in real time [30]. Early warning analysis of TEH helps us to
understand and predict the extent of regional ecosystem degradation and it is important
for achieving sustainable development [31]. Ecosystem early-warning research based on
remote sensing and geographic information systems (GIS) is currently commonly used
in several papers [32,33], but most research institutes currently use linear or exponential
statistical regression methods [34-36]. However, the factors that affect ecosystems are very
complex and are often nonlinear.

Considering the above factors, we introduce the radial basis function (RBF) neural
network model into the study of TEH early warning. The RBF neural network, as a machine
learning method, has a strong fitting ability [37]. It generates a high-precision model by
using real data [38]. Compared with other neural networks, it has the following merits: a
strong approximation ability, simple network structure, and rapid learning speed [39,40].
It has been widely used in short-term traffic volume forecasting [41], groundwater level
forecasting [42], water demand forecasting [43], and many other fields [44]. Nevertheless,
it is rarely used in the field of ecosystem assessment [45,46]. Therefore, we applied the
RBF neural network in this research as an early warning for the TEH of Henan Province
in 2018-2025. In this study, the entropy weight method was used to calculate the index
weights, and the comprehensive evaluation method—to evaluate the health status of the
ecosystem. Based on the evaluation index of the current conditions, we used the RBF
neural network to build a prediction model to provide the health status of ecosystems in
the future.

Since its reform and opening up, China has achieved dual growth for the population
and economy. However, at the same time, a series of environmental problems, such as
environmental pollution and ecological degradation, have brought many challenges to
China’s green high-quality development [47-49]. At present, the coordinated development
of the population, resources, and environment has become a major issue. Since the begin-
ning of this century, the Chinese government has attached great importance to ecological
environmental protection and has established an ecological civilization strategy, namely,
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to realize the decoupling of the economy and ecological impact, and to promote harmony
between humans and nature [50]. How to make rational use of land resources, protect the
ecological environment and realize the sustainable development of land resources has be-
come a key social issue. General Secretary Xi Jinping pointed out that we should implement
strict environmental protection policies and strive to protect the ecosystem. It is crucial to
“implement a strict ecological environment protection system and vigorously protect the
ecological environment” [51]. Based on this background, we took Henan Province as an
example to evaluate and predict the development trends of TEH to provide a reference for
the effective regulation and management of the terrestrial ecosystem in Henan.

The purpose of this study is to institute countermeasures to alleviate the early warning
of TEH so as to provide guidance for land ecological safety control. Specifically, this study
accomplishes the following: (1) It establishes a comprehensive evaluation index system
that considers the economy, society, ecology, and environment; (2) analyzes the spatial—-
temporal evaluation characteristics of TEH and three subsystems (i.e., pressure, state, and
response) from 2007-2017; (3) predicts the trend changes of the TEH from 2018-2025 by
using an RBF neural network; and (4) analyzes the factors that influence TEH and proposes
decision-making knowledge for promoting the development of the ecosystem.

2. Materials and Methods
2.1. Study Area

Henan Province (29°01'53” N-33°6'47" N, 108°21’42” E-116°07'50" E) is located in
Central-eastern China along the middle and lower reaches of the Yellow River. Its land
area is 167,000 km?, accounting for 1.8% of China’s total land area (Figure 1). It has diverse
terrain. Mountains such as the Taihang Mountains in the north, Funiu Mountains in the
west, and Tongbai Mountains and Dabie Mountains in the south surround the eastern part.
Plains areas account for 55.7% of this total. Abundant land resources are an important
material basis for the rapid economic and social development of Henan Province. Henan
is located in the transition zone between the subtropical zone and warm temperate zone,
belonging to the continental monsoon climate zone. The average annual temperature
ranges from 10.5 to 16.7 °C, and the mean annual rainfall ranges from 407 to 1296 mm.
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Figure 1. Study area—Henan, China.
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Henan Province, as one of the main grain production areas in China, has always
accounted for more than one-tenth of China’s total grain output. Its wheat output accounts
for one quarter of this total. By the end of 2017, the total production of Henan Province,
population 108.53 million, was CNY 4.5 trillion, and total grain output of 65.2426 million
tons [52]. In addition, the capital of Henan Province, Zhengzhou, which is located in
Central China, is a megacity and it is also a major transportation hub for the country. The
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development of provincial capital has also led to significant improvements in the social
economy of Henan Province. Accompanied by the growth of the economy, the increased
land-use intensity has caused ecological environmental problems such as a decline in the
quality of cultivated land, land pollution, and ecosystem deterioration. In turn, these
problems restrict the economic development of Henan Province to a certain extent. How
to protect economic development while ensuring food security is a very important issue,
so coordinating land ecology and economic development is particularly relevant. Henan
is located in Central China and contains a variety of geographical features. Therefore, it
lends itself well to carrying out research on TEH to predict future ecological problems in
Henan Province while providing a reference for China and other regions in the world with
similar challenges.

2.2. Data Resources

The research data were mainly obtained from the following: Henan Statistical Yearbook
(2008-2018) [52], China Urban Statistical Yearbook (2008-2018) [53], Henan Statistical Bulletin
of National Economic and Social Development (2007-2017) [54], and the current data regarding
the land use structure in Henan Province.

2.3. Index System Construction

TEH is a systematic and complex index system and accounts for the combined impacts
of population, economy, resources, environment, and society. TEH evaluations provide
a comprehensive diagnosis of the land-use system, including human activities, resource
utilization, environmental status, environmental governance level, and other aspects. The
PSR model that was proposed by the United Nations Economic Cooperation Development
Agency classifies environmental indicators based on the interactions between humans
and the environment. The indicators of the related ecosystems are classified into three
categories: pressure, state, and response. The specific logic of PSR is that human activities
exert pressures on ecosystems, which results in changes in the original nature and quantity
of ecosystem resources. The degradation of the ecosystem will impact its ability to meet
the needs of human production. Then, humans will respond with appropriate measures to
restore the original ecosystem state and achieve a harmonious symbiosis between humans
and ecosystems (Figure 2). This system can reflect the interactions among the ecosystem
indicators from different perspectives, which is conducive for the process of providing
early health warnings of ecosystems.

Pressure ® Population density ® Urbanization level Reduce
Human |- -mmmmmm »{ ® Natural population growth rate ® The annual growth rate of GDP [«
. ® ey iv a7 Asan ici | pressure
activity Per capita cultivated land area Average pesticide input i
Resources Sustainable
consumption development
///_1"\\\ i State ® Forest coverage rate ® Per capita grain i
( Dynamic e Land | | ® Ground average wastewater load ® Mechanization level of | Improve
equilibrium /' ® Water resources per capita v i the state
\\_7\—_—,_// /| ecosystem P P cultivated land i
Information Action Taking
feedback
® Domestic sewage treatment rate ® Per capita disposable income
Response ® Number of scientific and of farmers
Control |~~~ -~ ] technological personnel per ® The proportion of education
measures capita investment in GDP

Figure 2. Operational mechanism of the PSR model.
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This study established an indicator system (Table 1) that uses the principles of com-
prehensiveness, objectiveness, and data availability [55-57]. In this study, the TEH index
contains three levels: target layer, criteria layer, and index layer. The target layer represents
the entire TEH value. The criteria layer includes the stress, state, and response, which
reflects the constituent elements of the target layer and is the main factor that constrains the
health of ecosystem. The index layer further subdivides the criteria layer. The index layer
can most intuitively reflect the ecosystem characteristics. The pressure indicates the sources
and functions of ecological pressures on the land. For instance, increasing population
density, rapid economic and social development, and inputs of pesticides and fertilizers
place some degree of pressure on ecosystems.

Table 1. TEH evaluation index system for Henan Province.

Target Criteria

Layer Layer Index Layer Assignment Weight  Attribute
Population density (X1) Total population/total land area 0.1034 —
Natural population growth rate (X2) Natural pop ulatlon growth/total 0.0622 —
population
Per capita cultivated land area (X3) Total cultivated area/population 0.0944 +
Urbanization level (X4) Nonagricultural poPulatlon /total 0.0703 _
population
The annual growth rate of GDP (X5) GDP of the year/last year-1 0.0693 -
P The growth rate of fixed-asset investment (X6) The current year/last year-1 0.0653 -
ressure
(0.4451) Land reclamation rate (X7) Cultivated land area/total land area 0.1259 —
e The total amount of fertilizer/total
Average fertilizer input (X8) area of cultivated land 0.1312 —
S The total amount of pesticide/total
Average pesticide input (X9) area of cultivated land 0.1143 -
. . . The total amount of agricultural
Average input of agricultural film (X10) film /total area of cultivated land 0.0977 —
The proportion of construction land (X11) Construction land area/total land area 0.0659 —
Per capita GDP (X12) GDP/total population 0.0857 +
. L Total grain output/total cultivated
Land Per capita grain yield (X13) land area 0.1722 +
ecosystem . . . . The output value of the primar
H e};lth The proportion of primary industry in GDP (X14) pin dustry/GDP p y 0.0698 +
Per capita grain (X15) Total food production/population 0.0908 +
GDP per capita (X16) GDP/total land area 0.0888 +
State Mechanization level of cultivated land (X17) The weighted sum of the yield of 0.0510 +
(0.3321) . tr.ac’for s.eeder
Effective irrigation rate (X18) Effective irrigation area/total 0.0789 +
cultivated land area
Forest coverage rate (X19) Forest area/total land area 0.0797 +
Ground average wastewater load (X20) Wastewater discharge/total land area 0.1213 -
Natural disaster rate (X21) Affected area/total cultivated area 0.0750 —
Water resources per capita (X22) Total water resogrces/total 0.0869 +
population
Domestic sewage treatment rate (X23) Treatment capacity/total production 0.0954 +
Harmless treatment rate of domestic waste (X24) Treatment capacity/total production 0.1170 +
Number of scientific and technological personnel Total scientific and technological
. 0.2657 +
R per capita (X25) personnel/total land area
%s§>§5r18se Per capita disposable income of farmers (X26) Total consumer spending and savings 0.2292 +
©. ) The comprehensive utilization rate of industrial Comprehensive utilization/total
. - 0.0857 +
solid waste (X27) waste production
The proportion of education investment in L
GDP (X28) Education investment/GDP 0.2069 +
Note: “+” and “—" represent positive and negative indicators, respectively.

The state indicates the actual state of the ecosystem under the above pressure. Ecosys-
tem presents a different state after human activities, which will change its structure and
functions. The response indicates the measures that are taken by humans when the ecosys-
tem is under pressure. Through a series of feedback measures, the ecosystem status can be



Land 2022, 11, 32

6 of 19

improved. The criteria layer selects indicators from different aspects, which mainly focus
on population, society, economy, resources, and environment.

2.4. Early Warning Methods
2.4.1. RBF Neural Network Model

The RBF neural network is a feed-forward network that was initially introduced
by Moody and Darken at the end of the 1980s and is based on function approximation
theory [58]. It simulates the neural network structure of the local adjustment and mutual
covering reception domain in the human brain. It is easy to realize and cannot easily fall
into local minima with the advantage of fast training speeds. An RBF neural network
usually contains three layers in its network structure: input layer, hidden layer, and output
layer (the network structure model is shown in Figure 3). Its operating principle is that
the nodes in the hidden layer apply nonlinear changes via the basis function. The input
space is mapped to a new space in which the output layer realizes the linear weighted
combination [59,60]. The detailed steps are shown in Appendix A.

Input layer Middle layer Output layer

Figure 3. Structure of the RBF neural network.

2.4.2. The Early Warning Process

This study first evaluated the TEH status from 2007 to 2017. On this basis, the RBF
neural network model was used to predict the TEH status from 2018 to 2025 (Figure 4).
This study used the range method to standardize the data, then used the entropy weight
method to calculate the weight of the index data, and then used the comprehensive index
method to obtain the TEH from 2007 to 2017. Next, the Newrb toolbox of MATLAB2016b
(The MathWorks, Inc., Natick, MA, US) was used to perform the prediction. The first
step consisted of calculating the data for 2007-2017 to provide the input sample set, the
second step consisted of calculating the data for 2010-2017 to provide the output values,
and the third step consisted of building a prediction learning model by using the time
series. The development trend of each subsystem from 2018 to 2025 was predicted by
using iterative rolling prediction. The preiteration cycle is 1, that is, a one-year prediction.
The number of neurons in the input layer can be determined as multiple values in the
rolling prediction and is generally determined by the experimental method according to
the number of learning samples. The optimal number of neurons in the input layer of each
system was 3 (that is, the early warning index of each subsystem in the first three years is
used to predict its early warning index in the fourth year, etc.), and the number of neurons
in the output layer was 1 (that is, the early warning index of each subsystem in the target
year). Then, the TEH values for 2018-2015 can be predicted. More formula details are
provided in Appendix A.
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Sample data of TEH
(2007-2017)

TEH evaluation
(Comprehensive index

method)

Data standardization
processing
(Range method)

Calculate weight
(Entropy weight method)

Determine the early
warning level of TEH

Early warning sample
data cycle

}

‘ Calculate neuron output ‘

Accuracy verification

Yes

TEH early warning
(2018-2025)

Figure 4. Forecast and early warning flow chart.

2.4.3. Determining the Early-Warning Levels

At present, there is no uniform threshold for the assessment standards of TEH. By
referring to the relevant research and combining the actual conditions in Henan Province,
this paper defines the warning classification standard for the TEH (Table 2).

Table 2. Warning standard of TEH in Henan Province.

Warning

~0.4 4~0. .6~0.7 .75~0. .9~1.
Degree Extent (0~0.4] (0.4~0.6] (0.6~0.75] (0.75~0.9] (0.9~1.0]
Warning Extraordinary warning Severe warning Mode.rate Light warning No warning
degree warning
Red light Yellow light Orange light Blue light Green light
Indicator light
& ° * A ’ | ]
.T he ecological The function of the Thg ecologlc‘:al The ecosystem is
environment has been . service function
. ecosystem is greatly less damaged,
seriously damaged, s has been ; The ecosystem
. ; degraded, it is difficult . the ecological .
ecological restoration and degraded, but it : is not damaged,
s . to recover after . . restoration
Description reconstruction are very - can still maintain e and the
o external interference, ability is strong, -
difficult, and the current . the current state, . environmental
. and the ability of o and there is no -
situation of the land . which is easy to quality is good
sustainable harm to human

ecological environment is
very bad

development is weak

deteriorate after
being disturbed

health

3. Results

The warning indices for each TEH subsystem from 2007 to 2017 were calculated
(Figures 5 and 6). The learning results show that the Pearson’s R of each subsystem of
land ecological security in Henan Province is close to 1, while the root-mean-square error
(RMSE) values are <0.01, which indicates that the learning effect of the model is good and
that the reliability is high. Based on this, the changing trends for each TEH subsystem in
Henan Province from 2018 to 2025 are predicted, and the results are shown in Figure 6.
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Figure 5. Evaluation results for the TEH in Henan Province from 2007 to 2025.

—&— Pressure system output value === Pressure system actual value
—— State system output value State system actual value

== Response system output value ==e==Response system actual value

0.9
0.8
0.7
0.6
0.5
04
0.3
0.2
0.1

EARLYING WARNING INDEX

2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017
YEAR

Figure 6. RBF study situation of each land ecological health early-warning subsystem in Henan
Province.

3.1. Evaluation of the Early Warnings of the TEH

In general, the health status of the ecosystem in Henan Province shows a slow increas-
ing trend. From 2007 to 2017, the comprehensive early warning index of the TEH increased
from 0.3881 in 2007 to 0.6632 in 2017, with a growth rate of 70.89% (Figure 5). The health
status of the ecosystem gradually decreased from a “severe warning” to a “light warning”,
improved for two levels and improved the condition of the land ecological environment to
a certain extent, which indicated that the rationality and scientific basis of the land uses
greatly improved. From 2007 to 2009, the comprehensive early warning index for the TEH
increased from a minimum value of 0.3881 to 0.4213, but the health early warning levels
were below the severe warning level. The comprehensive evaluation index decreased
from 0.4213 to 0.4089 in 2009-2010, from 0.4089 to 0.4599 in 2010-2012, from 0.4599 to
0.4259 in 2012-2013, and then increased to 0.6632 in 2017 (Figure 5). The changes in the
pressure index, state index, and corresponding index of the TEH are clear. Among them,
the pressure index decreased significantly, the state index increased substantially, and the
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response index increased slowly. Henan Province utilized land to develop the national
economy. At the same time, the incomes and living standards of the residents significantly
improved, and the treatment rates and comprehensive utilization rates of pollutants such
as sewage, garbage, and industrial solid waste continuously improved, which promoted
continuous improvements in TEH.

According to the early warning results, the forecast of the comprehensive index
exhibited an upward trend from 2018 to 2025, and the warning situation decreased year by
year. The comprehensive index for TEH increased from 0.5663 in 2018 to 0.9062 in 2025, an
increase of 60.02% with an average annual growth rate of 6.95%. From the perspective of
the warning states, 2018-2019 indicated “moderate warning”, 2020-2023 “light warning”,
2024-2025, “no warning”, and the warning state increased from “severe warning” state in
2018 to “no warning” state in 2025. These results indicate that the TEH conditions in Henan
Province are gradually improving. Based on the forecasting trend, it can be assumed that if
no special case occurs, the TEH warning in Henan Province will remain in a light or high
state for a long time.

3.2. Evaluation of the Early-Warning Index of the Pressure System

From 2007 to 2017, the early warning index of the TEH pressure system in Henan
Province exhibited a fluctuating downward trend, from 0.8349 in 2007 to 0.223 in 2016
and up to 0.323 in 2017. The indicator light gradually changed from “blue light” to “red
light” and fluctuated between “red light” and “yellow light” (Figure 5, Table 3). From
2007 to 2013, the pressure system index fell rapidly, with an average annual decrease
of 17.69%, and the pressure on the land ecological environment continued to increase.
During this period, the investment growth rates in Henan Province were at high levels,
and the investments in chemical and agricultural capital were also at high levels during
the research period. These economic activities exerted much pressure on the ecosystem.
From 2013 to 2017, the downward trend of the pressure index was significantly alleviated.
Especially in 2017, the pressure index increased for the first time in the research period;
that is, the ecological pressure status tended to ease. With the continuous promotion of the
construction of an ecological civilization in China, the implementation of green water, green
mountains, and other ecological agricultural policies tempered the fertilizer and pesticide
loads and decreased the emissions of pollutants such as sulfur dioxide. However, with the
development of urbanization, the economic density of the land has been increasing, and
the increased population density and decreased cultivated land area are still significant
challenges faced by terrestrial ecosystems. According to the forecast results for 2018-2025,
the early warning index will continue to decrease, the warning will remain at a “severe
warning”, and the indicator light will alternate between a “red light” and “yellow light”
(Figure 5, Table 3). In the next few years, with the provincial capital of Henan Province
becoming the central city of the country and the development of the Central Plains Free
Trade Zone, the urbanization process of Henan Province will continue to be in a rapid
development stage. Urban expansion will inevitably occupy cultivated and ecological
lands, and the pressure on terrestrial ecosystems will increase.
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Table 3. Early-warning indicator lamps for the health status of the terrestrial ecosystem.

Terrestrial Ecosystem Health Subsystem
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Note:  represents a red light, % represents a yellow light, A represents an orange light, * represents a blue light,
and M represents a green light.

3.3. Evaluation of the Early-Warning Index of State System

From 2007 to 2013, the state system index fluctuated upward. Except for the decreases
in the state index in 2009 and 2013, the other years exhibited upward states. In 2013, the
state index rose by 0.0755 compared with 2007. At this stage, the TEH of Henan Province
was good and maintained an upward trend. The state index continued to rise from 2013 to
2017 and rose by 0.3534 in 2017 compared to 2013, with an average annual growth rate of
18.22%. Since the 18th National Congress of the Communist Part of China, Henan Province
has vigorously embraced the construction of an ecological civilization, and the health status
of terrestrial ecosystems has significantly improved. From 2007 to 2017, the per capita
GDP increased from CNY 12,578 to CNY 37,086, forest coverage increased from 16.19%
to 24.53%, and the natural disaster rate decreased by 10%. In addition, the average local
grain production and mechanization level of cultivated land improved, which improved
the TEH in Henan Province. The forecast shows that the early warning index will continue
to fluctuate upward, and the indicator will fluctuate back and forth between yellow and
orange from 2018 to 2025 (Figure 5, Table 3).

3.4. Evaluation of the Early-Warning Index of the Response System

An analysis of the early-warning status of ecosystem health in the response system
shows that the response index rose from 2007 to 2017, and the response status greatly
improved. The response index in 2017 was 24.63 times higher than that in 2007, with an
average annual growth rate of 37.77%. The indicator light gradually changed from a "red
light" to a “green light”, with a clear upward trend (Figure 5, Table 3). The response index
reflects the importance and degree of protection that are conferred by the government
and society to the ecological environment in the region. It also reflects the strength of the
government’s efforts to improve TEH by taking appropriate measures. In recent years,
Henan Province has responded positively to the negative effects of ecosystem destruction
and has issued a series of policies and measures to strengthen the protection of the ecological
environment. The sewage treatment rate increased from 71.41% in 2007 to 96.92% in 2017,
and the investment in education increased from 3.65% in 2007 to 4.84% in 2017. In addition,
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the investment in scientific and technical personnel and the comprehensive utilization rate
of industrial solid waste have improved. In the coming years, the increased awareness of
ecological and environmental protection and increased disposable income per capita of
farmers will cause Henan Province’s early-warning index response system to gradually
improve. In the future, Henan will not only maintain a “blue light” state but will also
achieve a “green light” state. In addition, this state will be closer to the "no warning" level.
(Figure 5, Table 3)

3.5. Spatial Distribution Pattern of TEH Warning Information in Henan Province

Figure 7 and Table A1 show that the comprehensive indices for 18 cities in Henan
Province were in the ranges of 0.3519~0.4913, 0.3018~0.5491, and 0.5732~0.6862, respectively.
Among them, the TEH levels of Pingdingshan, Luohe, Xinyang, and Jiyuan were in a critical
state. The TEH levels of Zhengzhou, Xuchang, Puyang, and Zhoukou improved by one
level compared with the previous time node.
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Figure 7. Spatial TEH distribution in Henan Province.

Through the analysis of the evaluation indices of pressure, state, and response of
18 cities in Henan Province, we can see that the pressure indices for all cities decreased
from 2007 to 2012 (Table A1, Figure 7). The higher the pressure index is, the less the
pressure on the ecosystem. A decline in the pressure index means that the pressure on
the ecosystem is more obvious. From 2012 to 2017, the rate of pressure index decline
tended to be flat compared with the previous stage, and the pressure indices of three cities,
Xuchang, Sanmenxia, and Nanyang, exhibited certain increases; that is, the ecological
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pressure eased compared with the previous stage. From 2007 to 2012, except for Hebi,
Nanyang, and Jiyuan, the state indices for the other cities increased slightly. From 2012 to
2017, the state index maintained a steady growth trend, while the state index of all cities did
not decline, which indicated that the ecological state continued to improve. The response
indices of all cities from 2007 to 2012 improved to certain extents, which indicated that
the level of ecological environmental protection was strengthened in all cities. Overall,
the response index from 2012 to 2017 increased significantly compared with the previous
stage, which indicated that the response and protection of ecological problems improved
further. With the slow growth of ecological pressure and increase in the social response to
ecological problems, the overall situation of the TEH in Henan Province has changed to a
certain extent. In the future, efforts should be made to improve the response levels, avoid
unreasonable land-use development methods to reduce the pressure level, and create a
harmonious environment between humans and nature.

4. Discussion
4.1. Analysis of the TEH in Henan Province

At present, most of the research on land ecological safety in the world focuses on the
micro level, such as soil pollution and microorganisms [14,15], while few studies have
been done on the health of terrestrial ecosystems at mesoscales, and most of these studies
were conducted by Chinese scholars. We chose Henan Province, a large grain production
province with rapid economic development, as the research focus, which is representative
for studying the healthy development of China’s terrestrial ecosystem.

The indicators constructed in this study analyze the factors that affect the health of the
regional terrestrial ecosystem and synthesize the results of previous research and expert
guidance [2,61,62]. The selected indicators used in this study were determined after analyz-
ing the factors that affect the health of the regional terrestrial ecosystem and by synthesizing
previous research and expert guidance. Considering the representativeness and comprehen-
siveness of the index, we increased the growth rates of fixed-asset investments and average
local GDPs from the perspective of social and economic development. From the perspective
of ecological environmental quality, the average ground wastewater load was added. The
average numbers of scientific and technological personnel and proportions of educational
investment in the GDP have been added from the perspective of environmental protection.
In summary, this study explored the law of TEH change and the influencing factors in
Henan Province from a more comprehensive perspective. The RBF neural network model
was applied to the study of TEH. Based on the evaluation of the current conditions, an
early-warning evaluation for the future was carried out, and dynamic and static evaluations
were combined to make the evaluation results more systematic and comprehensive.

From the perspective of the overall health status of the ecosystem in Henan Province,
the health status of the ecosystem has gradually decreased from a “severe alarm” to a “light
alarm” state. It is obvious that Henan Province is constantly utilizing land to develop the
national economy. The incomes and living standards of the residents have also significantly
improved, and the treatment rates and comprehensive utilization rates of pollutants such
as sewage, garbage, and industrial solid waste also have continuously improved. The
pressure index generally declined, but the decline rate tended to be gentle compared with
that of the last stage, which indicated that the ecological pressure was alleviated. The state
index maintained a steady growth trend. The response index of each city shows a state
of growth, the overall growth rate is larger than that of the last stage, and the responses
to ecological problems and the degrees of protection are further improved. Therefore,
Henan Province needs to prioritize ecological development, control agricultural pollution,
increase investments in science and technology education and environmental protection,
and improve policies and protection measures for regional ecological land utilization.
Through the evaluation of the TEH status, we can see that both the comprehensive early
warning index and early warning indices of the subsystems continue to increase, and the
pressure on the ecosystem is not optimistic. The mechanization levels of cultivated land,
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forest coverage rates, domestic sewage treatment rates, and harmless treatment rates of
domestic waste are the main factors that will help to improve the health status of the land
ecosystem in Henan Province.

4.2. Analysis of Factors Affecting TEH

According to the basic principle of the entropy weight method, the main factors that
affect the TEH in Henan Province can be analyzed. As described in Table 1, the pressure
system accounts for the largest proportion, which is the main reason for the changes in
TEH in Henan Province and should become the focus of the regulation and control of TEH
in the future. The total weight of the state system and response system is relatively small,
but it provides a certain restraint on the pressure system to maintain the stable situation of
the TEH in the entire province. In terms of specific indicators, the weights of indicators
such as the land reclamation rates, average fertilizer inputs, average pesticide inputs,
average wastewater load rates, average grain outputs, and average numbers of agricultural
scientific and technological personnel are large. Most of these indicators are related to the
agricultural production. Henan Province is an important agricultural province in China,
and the agricultural economy accounts for a large proportion. The traditional farming
production mode involves using larger amounts of chemical fertilizers and pesticides,
which has caused significant pressure on land ecology and is the main problem faced by
the TEH of Henan Province [63]. Therefore, Henan Province should further optimize and
adjust the agricultural industrial structure, reasonably guide the rational use of chemical
fertilizers and pesticides in agricultural production and reduce the levels of industrial
energy consumption and water consumption. Accelerating the promotion of a green
economy and circular economy and realizing the coordinated development of urbanization,
industrialization, agricultural modernization, and ecological environment protection are
also important [64,65].

4.3. Suggestions

According to the results, the future state of THE in Henan Province is improving.
However, it is a fact that the pressure system still needs more attention. The economy
grows, and people need more resources, especially in the agricultural province of Henan.
More attention should be given to indicators such as land reclamation rates, average
fertilizer inputs, average pesticide inputs, and average wastewater load rates. In addition,
suggestions are following:

First, the government should promote the transformation of farms to green agricul-
ture [55]. In addition, adjusting the agricultural production structures and management
modes is also necessary. Henan is an important food-producing province in China that
plays a vital role in national food security. In the future, the use of pesticides, chemical
fertilizers, and agricultural film should be reduced and controlled to improve the ecological
pressure on the land, especially cultivated land.

Second, industrial wastes should be controlled. The comprehensive utilization rate
of industrial solid waste and disposal rate of municipal waste without hazardous impacts
should be further improved. For example, Sanmenxia has many energy-consuming in-
dustrial enterprises, such as mining, power generation, and metallurgy, which produce
industrial wastes while also developing and utilizing natural resources. The wastes exert
great pressure on the local TEH. The average wastewater loads have a great impact on
Henan Province, and the comprehensive utilization rate of industrial solid waste is high
in all cities. Industrial wastewater, waste gas, and solid waste have very large negative
impacts on the TEH.

Third, in the future, we should increase the numbers of agrotechnicians to help
improve the production capacity of cultivated lands. The per capita cultivated land area
impacts the overall TEH. The government should strictly approve land uses according
to land spatial planning to increase the economic supply of land. Effective protection of
cultivated land is an inevitable requirement for maintaining the TEH. We should control
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the proportion of construction land and maintain sufficient agricultural production and
ecological space. Improving the irrigation guarantee ability for cultivated land creates
favorable conditions for agricultural production.

Overall, in the process of eco-environmental protection, we should take multiple
measures at the same time, implement comprehensive policies, and use measures from the
varying perspectives of science and technology, law, planning, economy, and administra-
tion.

4.4. Limitations

The focus of the international community on carbon neutralization in recent years
also demonstrates the impact of carbon emissions on ecological security. Reducing carbon
emissions is very helpful for achieving ecological security and sustainable development. In
future research, we will explore a more accurate model that considers carbon emissions
to provide more accurate ideas for promoting the sustainable development of Henan. In
addition, our research focuses mainly on the medium scale, where the selection of indicators
takes into account socioeconomic factors. Under the COVID-19 epidemic, global economic
development has been affected. However, the Chinese government has taken effective
measurements to protect the economy from being impacted, so this result is still applicable.
For countries seriously affected by the epidemic, the method and ideas are applicable.
However, actual local conditions need to be considered in the selection of indicators.

5. Conclusions

TEH early warnings are an important part of ecological security research. These
involve a process of dynamically monitoring and evaluating the ecosystem status of a
region and predicting the degree of degradation of the regional ecosystem. With the
development of the global economy and society, increasing numbers of countries and
regions have begun to incorporate the construction of ecological civilizations into their
development processes. The development trend of each TEH system in Henan Province
was simulated and predicted using the RBF model.

The results show that the fitting accuracy of the RBF model is high, and the predicted
results conform to the actual conditions of Henan Province. This indicates that RBF is an
effective method for predicting TEH and issuing associated warnings. This can reflect
the overall TEH status in Henan Province. From 2007 to 2025, the TEH status in Henan
Province exhibited an overall improving trend, and the warning level continued to decrease.
The warning level decreased from “severe warning” to “no warning”. The indicator light
changed from “yellow light” to “green light”. Regarding each subsystem, the pressure
subsystem fluctuated between an “extraordinary warning” and a “heavy warning”. The
index of the state subsystem will keep increasing and will reach a “light warning” state in
the future. The early warning index of the response subsystem will show an upward trend
and reach the “no warning” state. The stable development of TEH in the region mainly
benefits from positive policy response measures. Combined with Table 2, the health status
of the land ecosystem in Henan Province is guaranteed to be stable due to improvements
in rural residential incomes, mechanization levels of cultivated land, domestic sewage
treatment rates, and the numbers of scientific and technological personnel per unit of land.
The TEH is mainly restricted by the population densities, urbanization levels, inputs of
fertilizers and pesticides, and average wastewater load factors on the land. To maintain the
health status of TEH, it is necessary to reduce the use of fertilizers and pesticides and to
control the urbanization rate. At the same time, improving the level of forest coverage and
the effective irrigation rate plays a positive role in improving ecosystem health.

This study constructed 28 indicators from the perspectives of different subsystems and
used a combination of the entropy method and RBF neural network model to dynamically
evaluate the regional TEH. After analyzing the impacts of different factors on the TEH, this
research proposes some suggestions that are beneficial to ecosystems. In the future, we
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need to deeply explore the principles of interaction between land ecological risks and land
ecological health to understand the TEH in a more comprehensive and in-depth manner.
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Appendix A
Appendix A.1. Standardization of Indicator Data

Due to the indexes have the different dimensions, magnitudes, and attribute, this
research adopts the range standardization method to deal with each index for a better
comparison and analysis of the original data [54]:

The formula for the positive index is:

Yi]': (Xz] —mian) (maij —minX]')
The formula for negative indicators is:

Yi]‘: (maij —Xij)/(maij —mian)

where Xj; represents the original value of item j of the year i, Yj; is the standardized
standard value of item j of the year i, maxX; represents the maximum value of item j, and
minX; represents the minimum of the index in item j.

Appendix A.2. Determination of Index Weight

The index weight reflects the contribution of an evaluation index to the overall eval-
uation. To avoid the unstable measurement results caused by the subjective assignment
method, this study adopts the entropy method to calculate the index weight [62]. The
calculation process is as follows. The flows are described in Figure 4.

n
wi= (1—H;)/(n—)_ H;)

=

where H] = _KZ?:l fz] h‘lfl'j, f,] = Y,]/Z;z:l Yij/ k= 1/ln7’l(fi]' =0, fz] h‘lf,] = O), ZU] is the
weight of the j-th index, and H; is the entropy of the j-th index. The calculation results are
shown in Table 1.

Appendix A.3. Calculating Early-Warning Index

3 n
F= Zwi X (ZYU X wl])
i=1 j=1

We used comprehensive index method to calculate in early-warning index. In the
formula, F is the comprehensive index of TEH, Wi is the weight of the i-th subsystem, w;; is
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the weight of the index item j of subsystem i, and 7 is the number of indicators contained
in subsystem i. The closer F is to 1, the better the status is.

Appendix A.4. Learning Process of the RBF Neural Network

For the radial basis function of the RBF neural network model, the most commonly
used is the Gauss function, in the form:

Ri(x) = exp(—Hx —¢;

2/2a,2),i:1,2,...,m

where ||e|| represents a norm, usually taking two norms, x is the n-dimensional input
vector, ¢; denotes the center of the i-th basic function, 4; represents the normalized parameter
of the i-th hidden node, i.e., the width of the i-th non-linear varying unit, and m is the
number of nodes in the hidden layer.

The RBF learning process contains two stages: unsupervised learning and supervised
learning. In the unsupervised learning stage, the K-means clustering method is used to
cluster the input of training samples to find the parameters of cluster center c; and a. When
c¢; and m are determined, the RBF neural network becomes a set of linear equations, ranging
from input to output. In the second supervised learning stage, the least square method is
used to determine the weight, w;, from the hidden layer to the output layer. The steps are
following:

(1) Using the range method to transfer the variables to the range that the network can
handle;

(2) Calculate the output value of the hidden layer: Y;;

(3) Calculate the output value Y; of the j-th index of the output layer;

(4) Calculate the error of the output layer:

AY; = (1Y) (y; - ¥))

where Y; represents the actual value of the j-th neuron

(5) Adjust the weight coefficient to make the error of neural network meet the require-
ments:
AW =exAY;(1-Y;)(yi—Yj), Wi =W+ AW

where W]’ represents the adjusted weight, ¢ is the learning efficiency of neural net.

After the clustering center c; and weight W; of the neural network are determined, the
prediction can be carried out with the help of the trained neural network model, and the
corresponding output value can be obtained according to a known input value [46].

In this study, the Newrb toolbox in MATLAB R2016b software was applied to create an
accurate network model. Using the 2007-2017 TEH index as sample data, the RBF neural
network was used to train the training sample to build the prediction model and test the
validation sample set to test the model’s accuracy.

Appendix A.5. Precision Check of Forecast Model

To accurately validate the model learning effect and forecast the trend of TEH, Pearson
correlation coefficient, R, and RMSE were selected to test the error in the RBF learning
result of the j-th neuron output value. The formula is:

Y (vt = 5je) (Yje — 7ir)
Y (yjt - Tﬁ)z Y (th - Tﬁ)z

2
RMSE — \/ZtT_l (yj% Y]t)

R =
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Its operation principle is that the node of the hidden layer performs a non-linear
change through the basis function. In the formula, Yj; and yj; are the j-th neuron output
value and actual value of the i-th sample respectively, /j; is the average of yj;, and T is
the sample size. When MSE < 0.04, R > 0.95, and this shows that the learning effect of the
neural network is good and has high reliability [46,66].

Appendix B

Table Al. Evaluation results of land-use ecological health in Henan Province from 2007 to 2017.

Pressure Index State Index Response Index Composite Index
2007 2012 2017 2007 2012 2017 2007 2012 2017 2007 2012 2017
Zhengzhou 0.6609 0356 0.3562 0.4475 04488 0.6177 0.0199 04294 0.9693 0.3742 04115 0.6494

City

Kaifeng 0.6601 0.3466 0.3414 0.2254 04693 0.7753 0.172 0.3368 0.8483 0.3519 0.3841 0.6557
Luoyang 0.8077 0.3254 0.2414 0.4306 0.5517 0.6653 0.143 0.5992 0.972 0.4715 0.4866 0.6139
Pingdingshan 0.858 0.3163 0.2025 0376 05761 0.6911 0.2447 0.5354 0.8396 04913 0.4763 0.5794
Anyang 0.8199 0.4524 02714 03312 0.5327 0.6859 0.1295 0.6609 0.8656 0.4257 0.5491 0.6087
Hebi 0.7638 0.3026 0.1488 0.4452 0.3887 0.6477 0.1241 0.4137 0.9324 0.4426 0.3686 0.5783
Xinxiang 0.8414 0.2729 0.2545 0.3295 0.431 0.6782 0.1662 0.5967 0.9744 0.4452 0.4338 0.6364
Jiaozuo 0.6972 0.4123 0.3656 0.3751 0.4574 0.6253 0.1763 05174 0.8656 0.4149 0.4627 0.6201
Puyang 0.7425 03118 0.2328 0.3257 0.418 0.807 0.0698 0.6712 0.9008 0.3782 0.4677 0.6478
Xuchang 0.6889 0.4133 04368 03516 04742 0.696 0.0717 0.6918 0.9236 0.3699 0.5269 0.6862
Luohe 0.7589 0.3624 0.2385 0.3748 0.5059 0.615 0.2051 0.5947 0.9266 0.4454 0.4881 0.5947
Sanmenxia 0.6747  0.2269 0.341 0229 04878 0.734 0.1966 04305 0.6492 0.3659 0.382 0.5752
Nanyang 0.6685 0.2417 0.3143 03711 03562 0.832 0.2333 0.3074 0.851 0.4232 0.3018 0.6668
Shangqiu 0.8121 0.3607 0.1845 0.2949 0.4801 0.6655 0.1994 0.3049 0.8646 0.4341 0.3815 0.5732
Xinyang 0.8456 0.2618 0.0917 0.3304 0.5153 0.6647 0.2464 0.5048 0.9588 0.4732 0.4276 0.5732
Zhoukou 0.7294 0.4294 02298 0.3349 0.5588 0.6368 0.1105 0.5385 0.9286 0.3901 0.5091 0.6001
Zhumadian 0.7065 0.3685 0.1393 0.2642 0.3537 0.8236 0.1491 0.4175 09027 0.3719 0.3801 0.6236
Jiyuan 0.6514 0.4828 0.2579 0.5513 0.3144 0.6503 0.0146 0.642 0.8763 0.4046 0.4802 0.5957
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