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Abstract: Land resources are essential natural resources and strategic economic resources for human
survival and development. However, human improper use has brought unprecedented pressure and
challenges to the ecosystem. Therefore, the assessment and analysis of land ecological security status
and the identification and diagnosis of obstacles affecting land ecological security are helpful to avoid
land ecological security problems caused by improper land use at the source and provide a theoretical
basis for the sustainable use of land resources and the construction of ecological civilization in China.
Based on the data from 2006 to 2020, this study constructed the land ecological risk-evaluation index
system and land ecological health-evaluation index system. AHP, entropy method, combination
weighting method, TOPSIS model, Boston matrix and obstacle degree model were used to assess the
land ecological security situation in Nanyang City and to analyze the obstacle factors. The results
show the following: (1) during the study period, the land ecological risk value of Nanyang City
exhibited a Kuznets inverted “U” curve change, while the land ecological health value showed a
“U” curve change; (2) the overall level of land ecological security in Nanyang City has gradually
improved, with a security level pattern of “relatively safe (2006–2020)–unsafe (2011–2016)–relatively
safe (2017–2019)–safe (2020)”; (3) the main obstacle factors of land ecosystem were the following:
erosion area, sewage discharge, area of waterlogging control, grain sown area, coverage of urban
green built-up area and farmland effective irrigated area.

Keywords: land use; Boston matrix; barrier degree model; land ecological security

1. Introduction
1.1. Background

Land resources are one of the important basic elements of ecological civilization
construction [1], and ecological security is an important content of ecological civiliza-
tion construction [2]. Therefore, assessment of land resource ecological security is the
premise and foundation of ecological civilization construction [3]. Identifying and diag-
nosing obstacles through land ecological security assessment is of great significance to
the construction of ecological civilization. The construction of ecological civilization is
closely related to the well-being of the people and the sustainable development of the
Chinese nation [4]. Since the 18th National Congress of the Communist Party of China
(CPC), the construction of ecological civilization has been promoted in an unprecedented
way [4], and the concept “Lucid waters and lush mountains are invaluable assets” [5]
has gradually gained popularity. The construction of ecological civilization involves not
only an urgent need to improve the ecological environment, but is also a necessary con-
dition to ensure the sustainable development of the economy and society [6]. At present,
China is in a critical period of transition from a large developing country to a socialist
modernization power [7]. However, the deterioration of ecological environments restricts
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the development of the social economy. According to data released by the Ministry of
Natural Resources, a comparison of data from the Third National Land Survey and the
Second National Land Survey shows that during the 10-year period, the area of cultivated
land in the country decreased by 7.53 million hectares, while the amount of construction
land increased by 26.5% [8,9]. The main reason is that the relevant systems of cultivated
land protection, ecological construction, economical and intensive land use and culti-
vated land requisition-compensation balance are not perfect, and “non-agricultural” and
“non-grain” cultivated land continue to emerge [8]. Facing the severe situation of tight
resource constraints and fragile state environment, China has recognized the importance
of building an ecological civilization; the General Office of the State Council has issued
more comprehensive and systematic ecological environment governance systems, such as
“Opinions of the General Office of the State Council on preventing ‘non-grain’ cultivated
land and stabilizing grain production” [10], “The Rural Revitalization Promotion Law of the
People ‘s Republic of China” [11], “Regulations on the Implementation of the Land Admin-
istration Law of the People ‘s Republic of China” [12].

China, as a large agricultural country as well as a major country with great demand for
grain [13], must vigorously develop agriculture to improve the quality of agricultural prod-
ucts to meet the growing material needs of the people [14]. As a result, the extensive use of
production factors such as pesticides, fertilizers and plastic films, along with the long-term
extensive development of China’s agriculture, has led to excessive land reclamation, posing
unprecedented challenges to the global ecosystem [15]. Since the 18th National Congress of
the Communist Party of China, we have embarked on a resource-saving and environment-
friendly path of agricultural modernization guided by green development [16]. In the
report of the 19th National Congress of the Communist Party of China, it was pointed
out that the green development of agriculture should be promoted as a national strategy,
and the role of green development of agriculture in ensuring ecological security should
be clarified [17]. Therefore, agricultural green development is an important way to en-
sure ecological security. How to ensure land ecological security under the background of
agricultural green development has become an urgent problem to be solved.

In view of this, this research was based on data from 2006 to 2020 and constructed
the land ecological risk-evaluation index system of Nanyang City from three dimensions:
“risk source–risk receptor–risk effect” [18]. The evaluation index system of land ecological
health was established from four dimensions: “land ecological elasticity–land ecologi-
cal vitality–land ecological structure–land surface pollution source” [19]. The entropy
method [20], the analytic hierarchy process (AHP) [21] and the combination weighting
method (CWM) [22] were used to calculate the land ecological risk value and index weight.
The entropy method and TOPSIS model [23] were employed to calculate the index weight,
land ecological health value and annual health score. The Boston matrix [24] was used
to couple the land ecological risk value and land ecological health value. Finally, the
obstacle degree model [25] was used to identify the obstacle factors. The purpose of this
study is to assess and analyze the land ecological security situation in Nanyang City from
2006 to 2020, identify and diagnose the obstacle factors affecting ecological security, avoid
land ecological security problems caused by improper land use at the source and provide a
theoretical basis for the sustainable use of land resources and the construction of ecological
civilization in China.

1.2. Literature Review

Land resources are fundamental natural resources and strategic economic resources
that are essential for human production and livelihood [26]. Unfortunately, with the aggra-
vation of natural disasters, the acceleration of urbanization and the extensive management
of agriculture [15], the use of land by human beings has exceeded the carrying capacity of
land. This situation causes irreparable losses of biodiversity and soil erosion [27], further
exacerbating the tension between humans and the environment. Therefore, issues related
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to land ecological security have gradually become the research object of scholars all over
the world.

In 1989, the International Institute for Applied Systems Analysis (IIASA) first intro-
duced the concept of ecology security, which has since attracted extensive attention [28].
Land ecological security refers to a state in which the land ecosystem is able to sustainably
meet the structural, quantitative and qualitative needs of both the environment and human
survival and development [29]. This state results from the combined influence of the
ecosystem’s own health and the risks posed to it by the external environment [30]. The
core of the research into it is the assessment of ecological security status [31]. Therefore,
land ecological security assessment takes ecological risk and ecological health assessment
as the center, identifying and analyzing the integrity of the ecosystem and its sustainable
ability to maintain health under various risks [32]. The assessment of ecological security by
international scholars mainly focuses on industrial mining and agricultural pollution [33],
such as soil health [34] and agricultural production. Okosa et al. analyzed the contents of
heavy metals (Cr, Pb, Cd, Ni, Cu and Zn) in the soils of urban and suburban landfills in
Umuahia, Abia state, and assessed the human health hazards and ecological risks of heavy
metals from waste sites in the residential vicinity [35]. San et al. detected and quantified
pesticide residues in the sediment of rural streams in the Pampas region and conducted
acute and chronic risk assessment in these aquatic ecosystems [36]. In China, most Chinese
scholars use the entropy method and analytic hierarchy process to assess forest and land
ecological security [37]. Fang et al. used the entropy method and analytic hierarchy process
to determine the weight of the index-evaluation system and carried out the practice and an
evaluation of the saline-alkali land ecological management method in Shanxi Province [38].
Chen et al. used the entropy method to determine the weight of the forest ecological
security-evaluation index system and evaluated the forest ecological security dynamics in
Gansu Province [39].

In 1992, the U.S. Environmental Protection Agency (EPA) first defined ecological risk
assessment as a process of assessing the probability of ecological insecurity that occurs or
is occurring due to one or more factors [40]. Therefore, land ecological risk assessment can
be regarded as an evaluation process of the impact of external environmental factors on
land structure and quantity and quality and human life [41]. In recent years, the research
on ecological risk assessment has been extended from the risk assessment of a single risk
source and a single receptor to the ecological risk assessment of multiple risk sources at the
basin and landscape scales [42]. The investigation of land ecological security in China began
relatively recently and so regional application research is mainly based on international
ecological risk assessment theories and methods [43]. At present, international scholars
mainly use the landscape ecological risk-assessment model to analyze the ecological risk,
and try to use multiple indicators to evaluate the landscape ecological risk [44]. Scott et al.
combined landscape fragmentation score and land use and land cover vulnerability score,
and also assessed the link between risk areas and economic activities; the environment
and infrastructure are considered to be the main drivers of Delhi ‘s urban expansion [45].
Dimri et al. took the south-western foothills of Central Himalaya as a case study; this study
assessed the spatiotemporal variations in landscape structure and landscape ecological
risk (LER) influenced by the road network and topography, and results indicated that
high-risk LER zones were closer to the road network [46]. Chinese scholars’ assessment
of ecological risks mainly use land use as an incentive to explore the causes of ecological
risk changes [44]. The research has mainly concentrated on basins, grasslands, cities and
so on. Yu et al., based on the idea of landscape ecology, constructed an ecological risk
assessment system to evaluate the ecological risk of land use in Nanchang City from
2005 to 2017 [47]. Liu et al. calculated the landscape pattern index of the Yellow River Basin
and constructed an ecological risk-assessment model to reveal the spatial and temporal
evolution characteristics and spatial correlation of ecological risks from the grid scale and
county scale [48].
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Ecological risk and ecological health are two systems that blend and depend on each
other [32]. Land ecological health refers to the state in which the land maintains its own
normal metabolism, which is a manifestation of the mutually beneficial relationship be-
tween humans and the land [49]. Therefore, the evaluation of land ecological health aims
to assess the health and quality of the land itself, as well as the state of each element in
the land ecosystem and the interrelationships between them [29]. The concept of land
health was first proposed by Aldo Leopold in 1941 and was used to evaluate the status
of land function [50]. The research objects of international scholars on land ecological
health mainly involve cities, agriculture and grasslands [51]. Zaredar et al. emphasized
the risk of climate change on the health of agricultural land when discussing the impact of
climate change on land suitability for agricultural development in Karkheh River Basin
and Iran [52]. Herrick et al. provided a review of conditions for meeting management
and policy objectives, summarized current approaches to defining the reference for land
health and degradation assessments, and presented a protocol, “Describing Indicators of
Rangeland Health” (DIRH), for collecting and organizing data that can be used to define
a historic reference [53]. Chinese scholars’ research on land health mainly focuses on
river basins, coastal zones and land ecological security. Li et al. constructed an ecosys-
tem health-assessment model to analyze the spatial and temporal evolution characteris-
tics of ecosystem health in the Beijing–Tianjin–Hebei region in 2000, 2010 and 2020 [54].
Liu et al., based on the modified vitality-organization-elasticity-service model of neighbor-
hood variability and human disturbance, evaluated the ecosystem health status of the East
China Sea coast from 1990 to 2015 [55].

2. Materials and Methods
2.1. Study Area Overview

Henan Province (110◦21′–116◦39′ E, 31◦23′–36◦22′ N) is located in central and eastern
China, the middle and lower reaches of the Yellow River; Nanyang City (110◦58′–113◦49′ E,
32◦17′–33◦48′ N) is located in the intersection of Henan, Hubei and Shaanxi (Figure 1).
According to the main data bulletin of the third land survey in Nanyang City, the cultivated
land area of Nanyang City is 984,313.72 hm2, accounting for 13.11% of the cultivated
land area of Henan Province (7,514,100 hm2). Nanyang City is also the water source
of the South-to-North Water Diversion Project, which greatly improves the efficiency of
resource allocation.

Nanyang City is not only an important grain-production base in China and the core
area of grain production in Henan Province within the national food security strategy
project, known as the “Zhongzhou granary”, but also the sub-center city of Henan Province.
According to the statistics of Nanyang Municipal Bureau of Statistics in 2022, the grain
output of Nanyang City is as high as 71,555 billion kilograms, accounting for 10.5% of the
total grain output of the province. Nanyang city‘s annual GDP reached 455.54 billion yuan
at comparable prices, an increase of 4.8% over the previous year, and 1.7 percentage points
higher than the province. Therefore, it is of great typical and representative value to select
this area for land ecological security evaluation.

2.2. Data Sources

The data of the study area include land use data, agricultural production factor input
data, natural disaster data and socio-economic development data. The above data are
derived from the Henan Statistical Yearbook 2007–2021, the Nanyang Statistical Yearbook
2007–2021, the Nanyang Water Resources Bulletin 2006–2020 and the Nanyang National
Economic and Social Development Statistical Bulletin 2006–2020. The Chinese provincial
division vector map, Henan municipal division vector map and Nanyang digital elevation
vector map data used in this study are all from the geospatial information cloud. The
non-computational data and related information involved in the conclusion of the study
are derived from the “Nanyang City National Economic and Social Development Eleventh
Five-Year Plan”, the “Nanyang City National Economic and Social Development Twelfth
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Five-Year Plan” and the “Nanyang City National Economic and Social Development
Thirteenth Five-Year Plan”. In addition, the software used for data processing in this
study are IBM SPSS Statistics 27 and ArcMap 10.8.
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2.3. Construction of Index System
2.3.1. Construction of Land Ecological Risk Index System

Based on the characteristics of the research area, a three-dimensional land ecological
risk assessment index system was established for Nanyang City, which includes the di-
mensions of “risk source (A1)–risk receptor (A2)–risk effect (A3)” [17]. Risk source refers
to the possible ecological risk stress factors faced by the study area, risk receptor refers
to the acceptor or carrier of ecological risk and risk effect refers to the characterization of
the effect of different risk receptors on risk source based on the evaluation purpose and
evaluation endpoint [56]. In summary, a total of 14 indicators were selected to construct
the land ecological risk index system for Nanyang City, including the amount of fertilizer
use (B1), pesticide use (B2), and plastic film use in agriculture (B3). The land ecological risk
index system for Nanyang City is shown in Table 1.

2.3.2. Construction of Land Ecological Health Index System

Land health is an important guarantee for the green development of agriculture [57].
The ecological vitality of land refers to the ability of the ecosystem to respond to external
disturbances and its overall state. The ecological resilience of land refers to the capacity of an
ecosystem to recover to its original state after being exposed to external disturbances [58].
The ecological structure of land refers to the ability of an ecosystem to anticipate and
prepare for external disturbances before they occur. Therefore, this study establishes the
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land ecological health-evaluation index system in four dimensions of “ecological resilience
(C1)–ecological vitality (C2)–ecological structure (C3)–land surface pollution (C4)” [19],
which includes 16 indicators such as the cultivated land pressure index (D1), forest coverage
rate (D2) and surface water resources (D3). The land ecological health index system for
Nanyang City is shown in Table 2.

Table 1. Nanyang City’s land ecological risk index system.

Destination Layer Criterion Layer Index Units Criterion
Attribute Weight

Land
ecological

risk
assessment

Risk
source
(A1)

Amount of fertilizer used (B1) 104 tons + 0.1396
Amount of pesticide used (B2) 104 tons + 0.0769

Amount of plastic film used in agriculture (B3) 104 tons + 0.0637
Amount of sewage discharge (B4) 104 m3 + 0.0783

Area prone to flooding (B5) 103 hm2 + 0.0615

Risk
receptor

(A2)

Area affected by soil erosion (B6) km2 + 0.0864
Area of land used for planting crops (B7) 103 hm2 − 0.0751
Effective irrigated area of farmland (B8) 103 hm2 − 0.1057

Risk
effect
(A3)

Area covered by urban greenery (B9) hm2 − 0.0753
Forest coverage rate (B10) % − 0.0595

Expenditure on disaster prevention and
emergency management (B11) 104 − 0.0256

Rate of harmless treatment of domestic waste (B12) % − 0.0409
Area of soil-erosion control (B13) km2 − 0.0539

Area of waterlogging control (B14) 103 hm2 − 0.0574

Note: “+” and “−” represent positive and negative indicators, respectively.

Table 2. Nanyang City’s land ecological health index system.

Destination Layer Criterion Layer Index Units Criterion
Attribute Weight

Land
ecological

health
system

Land
ecological
elasticity

(C1)

Cultivated land pressure index (D1) % − 0.0265
Forest coverage rate (D2) % + 0.0665

Surface water resources (D3) 108 m3 + 0.0621
Groundwater resources (D4) 108 m3 + 0.0478

Land
ecological

vitality
(C2)

Effective irrigated area of farmland (D5) 103 hm2 + 0.0921
Area covered by urban greenery in

built-up areas (D6) hm2 + 0.1240

Per capita area of urban park green space (D7) km2 + 0.0467
Rate of harmless treatment of domestic

waste (D8) % + 0.0680

Land
ecological

health
system

Land
ecological
structure

(C3)

Proportion of primary industry (D9) % + 0.0537
Area of land used for planting crops (D10) 103 hm2 + 0.0437

Proportion of effective phosphorus in
fertilized areas (D11) % − 0.0397

Proportion of organic matter in fertilized
areas (D12) % + 0.0339

Land
surface

pollution
source

(C4)

Amount of nitrogen fertilizer applied (D13) tons − 0.0585
Amount of phosphate fertilizer applied (D14) tons − 0.0771

Amount of agricultural plastic film applied (D15) tons − 0.0576
Amount of agricultural diesel fuel applied (D16) tons − 0.1022

Note: “+” and “−” represent positive and negative indicators, respectively.
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2.4. Research Methods
2.4.1. Analytic Hierarchy Process

The Analytic Hierarchy Process (AHP) was first introduced in the 1970s [21]. The AHP
is a technique used to analyze problems related to decision-making that involve multiple
criteria [59]. The AHP method has the capability to involve multiple participants, make
interdisciplinary evaluations and ensure transparency in the decision-making process. The
basic principle of the Analytic Hierarchy Process (AHP) is to break down a problem into
its various constituent elements based on the nature of the problem and the overarching
goal that needs to be achieved [21]. AHP forms other hierarchical sets based on the
interaction and appropriate relationships between the elements, including the formation of
a multi-level analytical structure model [60]. The calculation steps of the AHP in detail are
as follows [60]:

Step 1: Constructing judgment matrix.
Assuming that there are n solutions in the project, and each solution has m indicators,

aij represents the jth indicator of the ith solution. The judgment matrix A is constructed by
comparing the importance of each indicator among all solutions.

A =

a11 · · · a1j
...

. . .
...

ai1 · · · aij

 =


1 · · · a1j
... 1

...
1

aj1 · · · 1


As the matrix shows, if aij = 1, it means that ai and aj are equally important. If aij = 5,

it means that ai is more important than aj. The larger the value of aij, the more important
ai is compared to aj.

Step 2: Calculate the Weight Vector.

AW = λmaxW (1)

Vj =
Wi

∑ wi
(2)

In the formula, λmax is the maximum eigenvalue (unique value) of the judgment
matrix; W is the weight vector, which can be used after normalization. Wi is the weight
vector of the ith index and Vi is the normalized weight after normalization.

Step 3: Consistency Check.

CI =
λmax − n

n− 1
(3)

CR =
CI
RI

(4)

n is the order of matrix; CI is the consistency indicator and CR is the consistency
ratio. RI refers to Random Index. The smaller the CI value, the greater the consistency
of the matrix. When CR < 0.1, it is considered that the judgment matrix has satisfactory
consistency. If the consistency ratio CR > 0.1, it is necessary to adjust the scaling of the
judgment matrix.

2.4.2. The Entropy Method

The entropy method is a widely recognized objective weighting method in
decision-making [20] that determines the weight value of each index by analyzing the
information entropy of the index [61]. This method assigns a higher weight to the index
with a greater degree of relative change; thus, it is considered more significant in the
decision-making process [61]. The detailed calculation steps of the entropy method are
as follows [61]:

Step 1: Index Standardization.
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Calculate the weight Yij of the ith year index value under the jth index.

Yij=
X′ ij

Σn
i=1X′ ij

(
0 ≤ Yij ≤ 1

)
(5)

X′ ij represents the index value of the ith year under the jth index, and n represents
the number of years.

Step 2: Calculate the weight ej of the jth index.

ej =−
1

ln n
Σn

i=1Yijln
(
Yij
)

(6)

Step 3: Calculate the difference coefficient gi of the jth index.

gi= 1− ej (7)

Step 4: Define the weight Wj of the jth index.

Wj=
gi

Σn
i=1gi

, j = 1, 2, 3, . . . . . . , m (8)

2.4.3. Combinatorial Weighting Method

The analytic hierarchy process (AHP) is used to determine the subjective weight
of each indicator [62], whose value depends on the experience and knowledge of the
decision maker [63]. As a method of objective weighting, the entropy method cannot reflect
the relationship between relevant indicators better [64], which may violate the objective
law [63]. Therefore, the combination of the AHP method and the entropy method is used
for comprehensive evaluation, which not only makes full use of objective information for
data analysis through the entropy method, but also satisfies the subjective desire of decision
makers as much as possible through the AHP method [62,65]. Specific calculation steps are
as follows:

Step 1: Using the multiplicative normalization method, the weight values obtained
by the analytic hierarchy process (AHP) and entropy method were coupled to obtain the
comprehensive weight values of land ecological risk index factors.

Wrisk= Σn
j=1WjVj (9)

where Wrisk is the weight value of land ecological risk weighted by combination, j is the
index item and n is the total amount with respect to the index. Wj is the index weight
calculated via the entropy method, and Vj is the index weight calculated via the analytic
hierarchy process.

Step 2: After the standardization of all data, the combination weighting method is
used to weight all indicators, make a comprehensive evaluation and calculate the ecological
risk index.

ERi= Σn
i=1WriskXij (10)

where ERi is the ecological risk index of Nanyang City, i is the year, n is the total number
of years and Xij represents the value of the jth index in year i.

2.4.4. TOPSIS Model

The Technique for Order Preference by Similarity to Ideal Solution (TOPSIS) [23] is
a multi-criteria decision-analysis method [66]. The fundamental principle is to rank and
evaluate objects by measuring the distance between the evaluated object and both the
positive ideal solution and negative ideal solution [67]. The optimal solution is achieved
when the evaluated object is in proximity to the positive ideal solution and far away
from the negative ideal solution, while the worst solution is the opposite [66]. Thus, the
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TOPSIS model was employed in this study to calculate the land ecological health value of
Nanyang City from 2013 to 2020 and assign a corresponding grade. The calculation steps
of the TOPSIS model in detail are as follows [23,66]:

Step 1: Weight the land ecological health index calculated via the entropy method to
obtain the weighting matrix:

Z = (Wij)nm =
(

pijWij
)

(11)

where Z is the weighted matrix, Wij is the index weight calculated via the entropy method
and pij is the normalized vector matrix.

Step 2: Determine positive ideal solutions and negative ideal solutions.

U+= maxU ij (i = 1, 2, 3 . . . n, j = 1, 2, 3 . . . m) (12)

U−= minU ij (i = 1, 2, 3 . . . n, j = 1, 2, 3 . . . m) (13)

where U+ is the optimal solution and U− is the negative solution; U ij denotes the normal-
ized value of the jth indicator in the ith year.

Step 3: Determine the distance between the index and the positive ideal solution and
the negative ideal solution.

D+=

√
Σn

j=1

(
U ij −U+

j

)2
(i = 1, 2, 3 . . . n, j = 1, 2, 3 . . . m) (14)

D−=

√
Σn

j=1

(
U ij −U−j

)2
(i = 1, 2, 3 . . . n, j = 1, 2, 3 . . . m) (15)

where D+ is the distance from the assessment object to the positive solution, and D− is the
distance to the worst solution.

Step 4: Calculate the ideal solution closeness.

F i=
D−

D+ + D−
(16)

where the proximity index F i is the ecosystem health value, which generally ranges from
0 to 1; when the value of F i is closer to 1, it indicates that the land ecological health in the
area is closer to the healthiest state. Conversely, when F i is closer to 0, it indicates that the
land ecological health in the area is closer to an unhealthy state.

2.4.5. Boston Matrix Analysis

The Boston Consulting Group (BCG) matrix is a quantitative analysis method that
emphasizes objectivity and accuracy [68]. It is straightforward and easy to comprehend,
allowing for easy evaluation [68]. In addition, the basic principle of the Boston matrix
analysis method has obvious rationality and simplicity of application [68]. Hence, this
study couples the ecological risk assessment and ecological health assessment using the
Boston matrix. Ecological security can be classified into three states: secure, relatively
secure and insecure. “Secure” refers to a state in which the land health value is high and
the risk value is low. “Relatively secure” refers to a state where both the land health value
and the land risk value are either high or low. “Insecure” refers to a state where the land
health value is relatively low and the land risk value is relatively high.

In summary, this study utilizes the Boston matrix model and applies it to research
on land ecological security. The land ecological risk value and land ecological health
value of Nanyang City are both presented separately in this matrix model. In the matrix,
the horizontal axis represents the index of land ecological health assessment, while the
vertical axis represents the index of land ecological risk assessment. The Boston matrix is
constructed by combining the two variables, land ecological health evaluation and land
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ecological risk evaluation. The closer the ecological risk index is to 0, the smaller the land
ecological risk. The closer the ecological health index is to 1, the healthier the land ecology.
The Boston matrix distribution diagram for land ecological security assessment is shown in
Figure 2 below:
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2.4.6. Obstacle Degree-Analysis Model

The obstacle-analysis model analyzes and diagnoses various indicators by mining the
trends and degrees of their impact on the development of things, and identifies key factors
that have a significant impact on the results of land ecological security assessment [25].
The evaluation of land ecological security is not only intended to judge the regional land
ecological status, but also to clarify the obstacle factors affecting land ecological security [69].
Therefore, introducing factor contribution Pij (the factor contribution degree represents the
contribution degree of indicators to the target, which can be expressed by the weight of
indicators [69]), indicator deviation Iij (index deviation degree represents the difference
between index and ideal value [69]) and obstacle degree Mij, Tij (the influence degree of the
single index and the index layer on land ecological risk or ecological health or ecological
security is expressed, respectively), a model for obstacle analysis can be developed to
analyze the obstacle factors that affect ecological security. The calculation steps of the
obstacle degree-analysis model in detail are as follows [69]:

Step 1: Determine index deviation degree.

Iij = 1−Yij (17)

where Iij is the deviation degree of indicators, and Yij is the standardized value of
each indicator.

Step 2: Calculate the obstacle degree of a single indicator.

Mij =
Pij Iij

Σ15
i=1Pij Iij

100% (18)

Tij = ∑ Mij (19)
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In the formula, Mij and Tij, respectively, represent the obstacle degree of single index
and index layer to land ecological risk or land ecological health. Pij is the factor contribution
degree, namely the index weight, and 15 is the research interval.

3. Results and Discussion
3.1. Assessment Results and Discussion
3.1.1. Land Ecological Risk Assessment

Formulas (1)–(10) were used to calculate the value of land ecological risk in
Nanyang City, and in order to accurately and intuitively analyze the results of land ecologi-
cal risk in Nanyang City, a trend chart was drawn as shown in Figure 3. As can be seen
from the figure, the land ecological risk value of Nanyang City presents the change of a
Kuznets curve [70], with the risk value first rising and then declining. The colors of the two
sections in the broken line chart respectively represent the two trends of the change of land
ecological risk value. During the period of 2006 to 2014, the broken line color was purple,
and the risk value continued to rise from 0.461 in 2006 to 0.677 in 2014. During this period,
there was no significant change in the ecological risk value from 2006 to 2010, and during
2010 to 2014, ecological risk value increased significantly. Between 2015 to 2020, the broken
line color is green, and the risk value decreases year by year from 0.602 in 2015 to 0.287
in 2020.
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3.1.2. Land Ecological Health Assessment Results

As shown in Table 3, the land ecological health score and ranking of Nanyang City
from 2006 to 2020 were calculated via Formulas (5)–(8) and Formulas (11)–(16). It can be
seen from the table that the score of land ecological health in 2020 is the highest in the study
area, the score in 2019 is the second highest and the land ecological health in 2015 is ranked
15, which is the worst year in the study area. From 2006 to 2015, the score of land ecological
health in Nanyang City gradually decreased, and the score of ecological health gradually
increased from 2016 to 2020, and the ranking also gradually increased.

As shown in Figure 4, this is the trend map of land ecological health evaluation in
Nanyang City, showing a U-shaped curve change. The three colors in the trend map
represent the three health states of land ecology in Nanyang City. During 2006–2016, the
line chart was orange yellow, and the ecological health value decreased from 0.398 to 0.275
year by year. During 2017–2020, the line chart was purple and green, and the ecological
health value steadily increased from 0.398 to 0.619 during the green period. By comparing
the land ecosystem health assessment criteria (Table 4), the orange-yellow area (2006–2016)
in the trend map is in a relatively unhealthy state, 2017–2019 (purple area) is in a critical
health state and 2020 (green area) is in a relatively healthy state.
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Table 3. Calculation results of TOPSIS model of land ecological health in Nanyang City from
2006 to 2020.

Year Positive Ideal Solution Distance
(D+)

Negative Ideal Solution Distance
(D−) Composite Score Index Ranking

2006 0.450411 0.297993 0.398171 5
2007 0.437319 0.258840 0.371812 7
2008 0.439717 0.229607 0.343043 8
2009 0.441545 0.216952 0.329465 9
2010 0.417901 0.291688 0.411066 3
2011 0.471244 0.193371 0.290952 10
2012 0.481157 0.195835 0.289272 11
2013 0.492107 0.196845 0.285717 12
2014 0.497735 0.182917 0.268738 14
2015 0.487501 0.176108 0.265379 15
2016 0.472374 0.178946 0.274744 13
2017 0.405959 0.268074 0.397716 6
2018 0.393686 0.273146 0.409617 4
2019 0.413533 0.297684 0.418556 2
2020 0.283882 0.461719 0.619257 1
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Table 4. Land ecosystem health-evaluation criteria.

Health Status Unhealthy Less Healthy Critical Health Healthier Healthy

F i 0.00~0.20 0.21~0.40 0.41~0.60 0.61~0.80 0.81~1.00

3.1.3. Land Ecological Security-Assessment Results Based on Boston Model

In the past, assessment and research methods often relied on a relatively narrow range
of assessment indexes to conduct research and assessments. This study utilizes the Boston
matrix model to assess the safety status of the land ecological system by integrating both
the land ecological risk value and the land ecological health value. The coupling results are
shown in Table 5 and Figure 5.

As shown in Figure 5, the four-color curves represent the four stages of land ecological
security in Nanyang City. The orange-yellow color in the diagram is the ecological security
change trend from 2006 to 2010. Nanyang City maintained a relatively safe condition with
stable ecological risk and ecological health values (0.46, 0.40) and (0.47, 0.41), respectively.
The purple line segment is the change trend of 2011–2016, the land ecology of Nanyang City
in an unsafe state with an overall increase in ecological risk value (0.59 to 0.60) and a
decrease in ecological health value (0.29 to 0.27). The blue line segment represents the
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change of land ecological security from 2017 to 2019. During this period, the land ecological
risk value decreased from 0.440 in 2017 to 0.373 in 2019, and the ecological health value
increased from 0.398 in 2017 to 0.419 in 2019. The land ecology is in a relatively safe state.
The green line segment represents the change in land ecological security from a relatively
secure state to a secure state from 2019 to 2020. The ecological risk value decreased
from 0.373 in 2019 to 0.287 in 2020, and the ecological health value increased from
0.419 in 2019 to 0.619 in 2020.

Table 5. Ecological risk value and ecological health value of land in Nanyang City from 2013 to 2020.

Year Ecological Risk Value Ecological Health Value Ecological Security Status

2006 0.461 0.398 Relative safe
2007 0.487 0.372 Relative safe
2008 0.490 0.343 Relative safe
2009 0.474 0.329 Relative safe
2010 0.468 0.411 Relative safe
2011 0.593 0.291 Unsafe
2012 0.565 0.289 Unsafe
2013 0.634 0.286 Unsafe
2014 0.677 0.269 Unsafe
2015 0.602 0.265 Unsafe
2016 0.576 0.275 Unsafe
2017 0.440 0.398 Relative safe
2018 0.401 0.410 Relative safe
2019 0.373 0.419 Relative safe
2020 0.287 0.619 Safe
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3.2. Obstacle Factor Analysis
3.2.1. Analysis of the Risk Obstacle Factors for Land Ecology

Table 6 displays the obstacle degree of the indicator layer for land ecological risk
assessment in Nanyang City, sorted by subsystems of risk source, risk receptor and risk
effect. Overall, from 2006 to 2014, the obstruction degree of risk effect (A3) was found to be
higher than that of risk source (A1), which was in turn higher than the obstruction degree
of risk receptor (A2). During the period from 2015 to 2020, the obstruction degree of risk
receptor (A2) was found to be higher than that of risk source (A1), which was in turn higher
than the obstruction degree of risk effect (A3). Overall, the degree of obstruction of risk
effect (A3) gradually changes to the obstructive degree of risk receptor (A2), indicating a
reduction in the threat of ecological risk in Nanyang City.

Table 6. Table of obstruction degree ranking of criterion layer for land ecological risk assessment.

Year

1 2 3

Criterion Layer Obstacle Degree
(%) Criterion Layer Obstacle Degree

(%) Criterion Layer Obstacle Degree
(%)

2006 A3 36.56 A1 34.43 A2 29.01
2007 A3 37.48 A1 32.22 A2 30.29
2008 A3 37.56 A1 32.90 A2 29.53
2009 A3 37.19 A1 35.06 A2 27.75
2010 A1 34.75 A3 32.90 A2 32.36
2011 A3 51.68 A1 31.84 A2 16.49
2012 A3 44.85 A2 32.14 A1 23.01
2013 A3 61.99 A2 24.98 A1 13.03
2014 A3 50.48 A2 36.85 A1 12.68
2015 A2 38.22 A3 37.77 A1 24.01
2016 A2 40.15 A3 35.73 A1 24.12
2017 A2 40.04 A1 30.17 A3 29.79
2018 A2 37.75 A1 33.05 A3 29.20
2019 A2 37.84 A1 34.01 A3 28.15
2020 A2 46.97 A1 35.94 A3 17.09

To further determine the obstacle factors affecting the land ecological risk in
Nanyang City, Table 7 shows the ranking of obstacle degree for individual indicators, in
which the top five obstacle factors are selected as the main obstacle factors.

Table 7. Table of obstruction degree ranking of index layer for land ecological risk assessment.

Year

1 2 3 4 5

Factor
Obstacle
Degree

(%)
Factor

Obstacle
Degree

(%)
Factor

Obstacle
Degree

(%)
Factor

Obstacle
Degree

(%)
Factor

Obstacle
Degree

(%)

2006 B7 14.42 B4 13.75 B1 12.97 B9 11.82 B6 10.37
2007 B7 14.25 B4 13.68 B9 12.61 B1 12.55 B6 11.57
2008 B7 14.93 B1 14.38 B4 13.44 B9 13.34 B6 10.87
2009 B4 17.25 B7 14.29 B9 14.02 B1 13.92 B6 11.46
2010 B4 18.30 B7 15.94 B9 15.89 B6 15.28 B12 12.81
2011 B4 19.16 B12 17.20 B9 17.13 B7 15.47 B10 8.43
2012 B12 17.97 B6 17.29 B4 15.06 B7 14.45 B10 8.81
2013 B14 20.88 B13 18.37 B6 16.69 B12 9.67 B4 8.88
2014 B14 17.39 B8 17.27 B6 16.92 B13 15.41 B4 8.29
2015 B6 20.37 B8 16.15 B5 14.98 B14 14.38 B4 7.57
2016 B6 21.34 B8 16.92 B5 15.70 B14 15.07 B13 7.43
2017 B6 22.24 B5 16.36 B8 16.22 B14 14.76 B13 7.68
2018 B6 21.39 B8 16.36 B5 15.69 B14 14.19 B1 7.01
2019 B6 21.34 B8 15.81 B5 15.62 B14 14.16 B1 9.98
2020 B6 25.63 B8 20.60 B1 13.49 B5 11.66 B14 9.55
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From the ranking results, it can be seen that during the period from 2006 to 2014,
indicators such as B4 (amount of sewage discharge) (9 times), B6 (area affected by soil
erosion) (8 times), B7 (area of land used for planting crops) (7 times) and B9 (area covered
by urban greenery) (6 times) appeared with high frequency in the ranking of main obstacle
factors. Among them, B4 (amount of sewage discharge) and B7 (area of land used for
planting crops) mainly occupy the top positions of the main obstacle factors. During the
period from 2015 to 2020, four indicators, namely B6 (area affected by soil erosion) (6 times),
B8 (effective irrigation area of farmland) (6 times), B5 (area prone to flooding) (6 times) and
B14 (area of land used for flood control) (6 times) were the factors with high frequency in
the ranking of obstacle factors. During the 6-year period, B6 (area affected by soil erosion)
occupied the first place in the obstacle factors.

During the “11th Five-Year” and “12th Five-Year” periods, accelerating the industrial-
ization process of Nanyang City was placed in a prominent position of economic and social
development, taking the deep processing industry of agricultural products, the textile
industry, the petroleum alkalization industry and the metallurgical building materials
industry as the pillar industries. In addition, the “12th Five-Year Plan” emphasized the
need to build Nanyang City into a regional central city and a comprehensive transportation
hub between Henan, Hubei and Shaanxi provinces. There is no doubt that the policy has
accelerated population aggregation, so that industrial water and domestic water use have
increased dramatically, and the amount of sewage discharge in 2020 doubled compared
with 2006. In addition, Nanyang City strengthened the forestry ecological construction,
established the green ecological barrier of Funiu Mountain and Tongbai Mountain, the
green ecological barrier of Danjiangkou Reservoir area and the ecological corridor of the
main channel of the middle route of the South-to-North Water Diversion Project, instead of
building the regional ecological construction pattern of “three belts and three belts”, and
consolidated and expanded the achievements of converting farmland to forest. The forest
coverage rate of Nanyang City increased by 20.81 percent during the period. An increase
in forest coverage directly leads to a decrease in soil-erosion area.

3.2.2. Analysis of the Health Obstacle Factors for Land Ecology

Table 8 presents the ranking of obstruction degrees for the criterion layer of land
ecological health in Nanyang City. As observed in the table, the obstruction degree
of land ecological vitality (C2) was dominant during the period 2006 to 2020. How-
ever, it consistently decreased after reaching its peak at 53.46% in 2014. During the
study period, the obstruction degree of land ecological resilience (C1) mainly ranked
second, and it showed an overall upward trend, increasing from 19.57% to 23.65%. The
obstruction degrees of land ecological structure (C3) and surface pollution sources (C4) in
Nanyang City were interrelated, with changes in one affecting the other. Despite reaching
its lowest value of 3.39% in 2014, the obstruction degree of surface pollution sources (C4)
continued to rise and even ranked first in the list of obstruction degrees for land ecological
health in 2020. It can be seen from Table 2 that the land ecological vitality (C2) index layer
includes four indicators: effective irrigation area of farmland, coverage area of urban green
built-up area, per capita park green area and harmless treatment of domestic waste. There-
fore, Nanyang has made remarkable progress in the construction of ecological civilization
and new urbanization.

Table 9 presents the ranking of the obstacle degree of various indicators of land
ecological health in Nanyang City. During the period from 2006 to 2016, the main obstacle
factors were D6 (area covered by urban greenery in built-up areas) (11 times), D8 (rate of
harmless treatment of domestic waste) (9 times), D3 (surface water resources) (9 times) and
D2 (forest coverage rate) (8 times). Among them, D6 (area covered by urban greenery in
built-up areas) ranked first in obstacle degree ranking, and the obstacle degree showed
an overall trend of first rising and then falling. From 2017 to 2020, the main obstacles
affecting land ecological health were D5 (effective irrigated area of farmland) (4 times),
D14 (amount of phosphate fertilizer applied) (4 times), D6 (area covered by urban greenery
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in built-up areas) (3 times), D9 (proportion of primary industry) (3 times) and C3 (surface
water resources) (3 times), among the five indicators. Among them, D6 (area covered by
urban greenery in built-up areas) continued to occupy the first place in the obstacle degree
of land ecological health index system.

Table 8. Table of obstruction degree ranking of criterion layer for land ecological health assessment.

Year

1 2 3 4

Obstacle Degree
(%) Ranking Obstacle Degree

(%) Ranking Obstacle Degree
(%) Ranking Obstacle Degree

(%) Ranking

2006 34.75 C2 27.94 C4 19.57 C1 17.74 C3
2007 36.44 C2 24.68 C4 19.53 C1 36.44 C2
2008 35.99 C2 22.73 C1 22.33 C4 18.95 C3
2009 43.11 C2 20.72 C3 19.36 C1 16.81 C4
2010 48.14 C2 22.80 C3 19.85 C4 9.20 C1
2011 44.56 C2 24.97 C1 19.02 C3 11.45 C4
2012 40.29 C2 32.14 C1 21.43 C3 6.14 C4
2013 40.46 C2 36.63 C1 19.23 C3 3.68 C4
2014 53.46 C2 29.68 C1 13.54 C3 3.32 C4
2015 47.13 C2 33.61 C1 12.57 C3 6.69 C4
2016 48.69 C2 31.52 C1 12.98 C3 6.81 C4
2017 47.09 C2 22.05 C1 11.73 C3 19.13 C4
2018 40.08 C2 24.72 C4 10.85 C3 24.35 C1
2019 30.91 C1 30.17 C2 28.31 C4 10.61 C3
2020 40.92 C4 23.65 C1 22.77 C2 12.65 C3

Table 9. Table of obstruction degree ranking of index layer for land ecological health assessment.

Year

1 2 3 4 5

Factor
Obstacle
Degree

(%)
Factor

Obstacle
Degree

(%)
Factor

Obstacle
Degree

(%)
Factor

Obstacle
Degree

(%)
Factor

Obstacle
Degree

(%)

2006 D6 18.75 D16 15.45 D15 8.71 D2 8.48 D8 8.10
2007 D6 19.49 D16 15.06 D8 8.88 D2 7.20 D3 7.09
2008 D6 20.14 D16 12.85 D2 9.34 D8 7.99 D3 7.45
2009 D6 23.96 D8 10.86 D16 8.17 D3 7.99 D7 6.80
2010 D6 27.00 D8 12.31 D7 8.00 D16 7.54 D2 7.36
2011 D6 23.70 D8 13.44 D2 12.02 D3 7.83 D7 6.81
2012 D6 24.89 D8 15.14 D2 13.54 D3 10.28 D9 7.84
2013 D6 26.40 D3 14.18 D8 13.54 D4 10.80 D9 8.47
2014 D6 22.83 D5 18.88 D3 11.98 D8 11.15 D4 9.50
2015 D6 21.76 D5 17.78 D2 12.80 D3 10.91 D9 7.56
2016 D6 18.14 D5 17.21 D3 10.99 D2 10.39 D7 8.87
2017 D6 19.74 D5 17.24 D9 10.40 D7 8.75 D14 8.07
2018 D6 16.94 D5 15.90 D14 9.85 D9 9.77 D3 8.50
2019 D6 13.80 D5 13.42 D14 11.28 D2 10.56 D3 9.86
2020 D5 20.19 D14 16.95 D13 12.85 D3 10.21 D9 9.51

During the “12th Five-Year Plan” period, Nanyang City actively promoted the con-
struction of various ecological spaces, promoted the construction of ecological spaces such
as theme parks in central urban areas, green belts around the city, urban greenways and
public green spaces, and achieved full coverage of comprehensive parks in county-level
cities. It also accelerated the construction of urban green space, scenic forest land and urban
ecological forest belts along the South-to-North Water Diversion. In addition, Nanyang
City promoted the development of the “four-city linkage” during the “13th Five-Year
Plan” period, and promoted the construction of county parks and street green spaces.
Therefore, the coverage area of the urban-greening built-up area in Nanyang City reached
17,448.58 hm2, an increase of 7 times compared with 2006.
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4. Conclusions and Policy Implications
4.1. Conclusions

By constructing the land ecological risk-evaluation index system and land ecological
health-evaluation index system, this study uses the Boston matrix to couple the land
ecological risk value and land ecological health value in order to obtain land security-
evaluation results of Nanyang City and analyze them. Finally, the obstacle degree model is
used to identify and diagnose the obstacle factors affecting ecological security. This provides
a theoretical basis for the sustainable utilization of land resources and the construction
of ecological civilization in China. Based on the above analysis and identification, the
following conclusions can be drawn.

(1) In general, the land ecological risk of Nanyang City showed an inverted “U” curve
change of Kuznets [70], with an upward trend from 2006 to 2014 and a downward trend
from 2015 to 2020. The ecological health of the land in Nanyang City demonstrated a
“U”-shaped trend, with its value continuously declining from 2006 to 2016, experiencing
a slight fluctuation in 2010, and then significantly increasing from 2017 to 2020. From
2006 to 2016, the land in Nanyang City was in a relatively unhealthy state. However, it
improved significantly and reached a critical healthy state from 2017 to 2019, and continued
to improve to a relatively healthy state in 2020.

(2) Using the Boston matrix model, the coupling of the risk-evaluation results and
health-evaluation results can be obtained: From 2006 to 2010, Nanyang City was in a
relatively safe condition. However, it became unsafe from 2011 to 2016. From 2017 to
2019, it returned to a relatively safe condition, and in 2020 it was in a safe condition. The
construction of ecological civilization in the land of Nanyang City has achieved remarkable
results, including the optimization of land resource allocation and the efficient and intensive
use of land.

(3) In the criteria layer of the land ecological risk subsystem, the risk effect and
risk receptor have a relatively high number of obstacles, and the risk effect obstacles
gradually transfer to the risk receptor. The main obstacle factors are transferred from an
area removed from waterlogging, an urban green coverage area and a harmless treatment
rate of domestic waste to a soil-erosion area, a grain-planting area and an effective irrigation
area of farmland. Ecological vitality has the most significant impact on obstacles in the
criteria layer of the land ecological health subsystem, and the obstacles of land ecological
structure and surface pollution sources are transferred to each other. The main obstacle
factors have shifted from the proportion of the primary industry, grain-sowing area, etc.,
to the use of nitrogen fertilizer, phosphorus fertilizer and agricultural diesel in the land
ecological health subsystem. Based on comprehensive risk and health obstacle degree
findings, the main obstacle factors of the entire land ecological security system are the
following: area of land used for planting crops, amount of sewage discharge, area affected
by soil erosion and area covered by urban greenery in built-up areas.

4.2. Policy Suggestion

Since the 18th National Congress of the Communist Party of China, China has had
remarkable achievements in the rational utilization of land resources and the construction
of ecological civilization [71]. However, China still faces historical problems such as
“high input, high consumption, low output and low efficiency” in land and agricultural
production [72]. Therefore, China’s ecological civilization construction still has a long way
to go. Based on the above research conclusions, the following policy suggestions are put
forward:

(1) The government continues to increase investment in “agriculture, rural areas and
farmers”. First, preferential subsidies for production factors such as seeds, fertilizers and
pesticides are provided to farmers who carry out grain production. Secondly, the relevant
departments carry out macro-control without violating the laws of the market, increase
the purchase price of grain and increase the income of farmers. Furthermore, improve the
treatment of grain farmers, increase pensions, insurance quotas and medical reimbursement
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ratios, create a glorious atmosphere for growing grain and continue to increase farmers
enthusiasm for growing grain, and then increase the grain-sown area.

(2) Taking advantage of the fact that roses are the city flower of Nanyang, actively carry
out the planting of roses in public places such as city streets, parks, communities, units
and riverbanks. Continue to carry out corridor-greening projects along the South-to-North
Water Diversion route, accelerate the construction of urban ecosystems and increase the
coverage area of urban greening.

(3) Continuing to implement the forest rights system and the policy of returning
farmland to forest and grassland, vigorously planting trees, increasing the forest coverage
rate, implementing crop rotation and intercropping, and increasing the construction of
agricultural water-conservation facilities such as terraces and dams. These measures can
not only prevent soil erosion, but also increase the effective irrigated area of farmland.

4.3. Research Prospect

The scope of this study is the whole of Nanyang City in terms of research scale. How-
ever, during the evaluation process, there is a risk of overlooking specific land ecological
risks, ecological health and ecological safety of the counties. Hence, in the future, a more
precise and comprehensive evaluation of the land ecological safety of Nanyang City will
be carried out on a larger scale, covering all thirteen districts and counties, including but
not limited to Wolong District, Wancheng District and Dengzhou City. In addition, the
index system of land ecological risk and land ecological health will be comprehensively
optimized, and the impact of urbanization, the proportion of agricultural land and con-
struction land on ecological risk will be fully considered and included, as well as a series of
land ecological spatial structure indicators related to the spatial tolerance of risk receptors,
such as landscape diversity index, dominance index, fragmentation index and ecosystem
service value.
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