
Introduction

Theories and methods for ecological risk assessment 
have been developed and refined over the past 30 years 
through international research efforts [1]. The origins 
of this field can be traced back to the 1980s, with 

an initial focus on developed countries and regions  
such as the United States [2]. “Ecological risk 
assessment” was first used by the U.S. Environmental 
Protection Agency (USEPA) in 1990 [3] and has 
since been continuously improving and revising the 
ecological risk assessment framework [4]. In 1992, 
the USEPA released the “Standard Ecological Risk 
Assessment Framework” [5], while in 2002, Regan  
et al. proposed the concepts of parameter uncertainty, 
model uncertainty, and decision uncertainty, enriching 
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Abstract

Ecological environmental issues have received extensive attention, and landscape ecological 
risk assessment is of great significance for regional sustainable development. Previous studies faced 
difficulties in accurately quantifying the impacts of land use changes and the spatio-temporal patterns 
of risks due to data limitations and single indicators when evaluating ecological risks in plateau 
areas. This led to a lack of effective bases for ecological protection and planning. This study focused 
on the land use types in Hainan Prefecture on the eastern edge of the Qinghai-Tibet Plateau from 
1980 to 2020. Using the land use vector data, it reclassified the grassland types, analyzed the land 
use dynamics and transfer matrices, integrated landscape pattern indices to construct the landscape 
ecological risk index, and conducted spatial autocorrelation analysis. The results showed that grassland 
accounted for over 62%, mainly with moderate/low coverage; in the past 40 years, cultivated land  
and construction land expanded, while grassland decreased and landscape fragmentation intensified; 
the comprehensive landscape ecological risk index was approximately 0.124, mostly at medium-low 
risk levels; risks exhibited spatial autocorrelation with high-low aggregation characteristics. This study 
provides directions for plateau land use planning and risk mitigation, accurately quantifies risk patterns, 
facilitates the formulation of targeted ecological protection strategies, and enhances the scientific nature 
of regional sustainable development decision-making.
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the theoretical connotation of ecological risk assessment 
[6].

Starting from the middle of the 20th century, with 
the in-depth study of the spatial pattern of the earth’s 
surface in geography and the rise of landscape ecology, 
the theory of landscape pattern analysis gradually 
emerged [7]. As the core content of landscape ecology, 
which obtains a variety of landscape pattern indices, 
such as the number of patches [8], the area of patches 
[9], the fragmentation index [10], the separateness index 
[11] etc., to quantitatively analyze the categorization and 
spatial distribution of land-use types in order to describe 
the spatial variety, complexity, and interconnectedness 
of landscapes [12], and these indices provide the basis 
for further research on ecological risk. Changes in 
landscape patterns can influence ecosystem stability and 
ecological risk. Their reciprocal feedback alterations in 
a certain direction significantly influence the prediction 
of certain ecological processes [13].

Recently, the advent of remote sensing and GIS 
technologies has led to the development of a multi-
indicator integrated assessment method grounded in 
the ecological risk assessment framework [14]. Instead 
of relying on a single index, multiple landscape pattern 
indices and the ecological vulnerability of land-use 
types are considered comprehensively. Multiple factors 
are used to develop the landscape ecological risk index 
(ERI), with weights allocated for a thorough calculation 
to accurately represent the complex impacts of land-use 
change on landscape ecological risk [15].

Numerous international studies have focused on the 
impacts of land use and cover changes on ecosystems. 
For instance, Worachairungreung et al. analyzed the loss 
of agricultural land caused by land use changes [16], 
providing insights into understanding the conversion 
of land types and their ecological implications. Nze 
and Agunwamba estimated soil loss using remote 
sensing data [17], highlighting the value of technology 
in quantifying ecological process indicators. Rattanarat 
et al. explored the role of policies in land use changes 
[18], offering guidance for analyzing driving factors. 
However, such studies are mostly concentrated in 
general regions. Due to the unique geographical climate 
and ecological environment in the plateau areas with 
complex terrains, existing research has difficulty 
accurately revealing the internal mechanisms and 
spatio-temporal patterns of landscape ecological risks 
under land use changes. The accuracy and applicability 
of ecological risk assessment are insufficient, making it 
challenging to provide practical and effective decision-
making support for regional ecological protection and 
sustainable development.

China’s terrain is complex and diverse [19], 
with ecosystems in alpine mountainous areas being 
particularly vulnerable [20]. Drastic changes in land-
use patterns in these regions can easily lead to spatial 
use conflicts and exacerbate the risk of ecological 
degradation [21]. The Hainan Prefecture is located on the 
eastern periphery of the Tibetan Plateau, experiencing 

a distinctive alpine climate and rich biodiversity [22]. 
However, in recent years, anthropogenic interference 
has made environmental degradation a major issue that 
has garnered a lot of attention. Assessing the landscape 
ecological risk in this region is essential to lessening 
these effects and encouraging sustainable land-use 
practices.

Chen et al. presented a thorough review of the 
advancements in ecological risk assessment in China 
[23]. Regarding landscape ecological risk assessment, in 
2022, Liang et al. introduced a novel methodology for 
evaluating the ecological risk associated with land-use 
change on the Qinghai-Tibet Plateau, emphasizing the 
greatest ecological risk in the southeastern region and 
along the plateau’s periphery [24]. Wang et al. conducted 
a landscape ecological risk assessment and effects 
study of the Qinghai-Tibetan Plateau, enhancing the 
comprehension of ecological risk in the area [25]. 

These works offer a theoretical foundation and 
technological methodologies for assessing landscape 
ecological risk. Nevertheless, in the northeastern region 
of the Tibetan Plateau, the construction and spatial 
and temporal evolution of the landscape pattern are 
incomplete. There is a lack of in-depth exploration into 
the key elements and complex interaction mechanisms 
of regional ecological risk formation. This leads to 
difficulties in precisely quantifying the impact of 
land use changes on landscape ecological risks and 
constructing a risk assessment system that conforms to 
regional characteristics. Solid scientific bases are scarce 
when formulating ecological protection and sustainable 
development strategies. Consequently, conducting  
a comprehensive study on the alterations in landscape 
patterns and their ecological risks in the northeastern 
region of the Qinghai-Tibet Plateau is of substantial 
practical importance and urgency.

This study utilizes land-use data from 1980 to 2020 
in Hainan State. The region’s complex alpine climate and 
rich biodiversity, coupled with increasing anthropogenic 
disturbances, pose significant challenges. Previous 
research in this area has been hampered by a lack of 
comprehensive understanding of the subtle changes in 
landscape patterns and the ecological risks they entail. 
In particular, the traditional crude categorization of land 
use types has failed to adequately capture the complex 
ecological characteristics of the region. To this end, this 
study pioneered a refined methodology that subdivided 
grassland categories into high / moderate / low cover 
grasslands. This fine-grained categorization is combined 
with a series of advanced landscape pattern indices 
and ecological risk assessment models to construct 
a comprehensive and detailed landscape pattern 
framework for Hainan State over a 40-year study period. 
The spatial and temporal characteristics of ecological 
risk are elucidated. On this basis, the ecological risk area 
is delineated, and a proposal for ecological governance 
zoning control in Hainan Prefecture is advanced  
in a targeted manner. This provides a quantitative 
reference and decision-making basis for risk prevention 
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and control and high-quality development of the plateau 
region.

Materials and Methods

This study was founded upon the utilization of 
land-use vector data spanning from 1980 to 2020. In a 
strategic move to enhance the granularity and ecological 
relevance of the analysis, the land-use categories were 
reclassified into eight distinct types. This encompassed 
a refined segmentation of grassland into high, moderate, 
and low coverage subtypes, a categorization that was 
pivotal in capturing the nuanced ecological variations 
within the region. Subsequently, Hainan Prefecture’s 
land-use dynamics and transfer matrix were subjected 
to analysis. A systematic sampling method utilizing 
a 5×5 km grid was employed to compute landscape 
pattern indices, including landscape disturbance degree 
and fragmentation degree, to develop the landscape 
ecological risk index (ERI). The spatial association of 
ecological threats in Hainan Prefecture was examined. 
The primary technique utilized in this investigation is 
depicted in the flow chart (Fig. 1).

Study Area

Hainan Prefecture (98°55’–105°50’E, 34°38’–
37°10’N) is located near the eastern entrance to the 
Qinghai-Tibetan Plateau [22], where the Yellow River 
meets the Huangshui River. Covering an area of roughly 
45,600 Km2, the prefecture is bordered by Haidong City 
and Huangnan Prefecture to the east, Haixi Prefecture 
to the west, Guoluo Prefecture to the south, and Qinghai 
Lake and Haibei Prefecture to the north. 

The prefecture is predominantly mountainous, with 
an altitude ranging from 2,147 to 5,323 m. It features 
basins in the middle and is interspersed with plateau 
hills and river valley terraces, exhibiting a complex and 
varied terrain [26].

Hainan Prefecture experiences a typical plateau 
continental climate and is situated in the mid-latitude 
region. The mean multi-year temperature is -1.12ºC, 
while the mean multi-year precipitation is 388 mm, 
with a brief and relatively cool summer and a protracted 
and arid winter. The region encompasses five counties: 
Gonghe, Guide, Tongde, Xinghai, and Guinan, with a 
total population of approximately 450,000, making it 
one of the most populated areas on the Tibetan Plateau. 
This region serves as a crucial economic and ecological 
hub, significantly contributing to the ecological security 
of the entire plateau [22] (Fig. 2).

Data Sources

This study utilized land-use vector data for 
Hainan Prefecture from 1990, 2000, 2010, and 2020, 
with a spatial resolution of 30 m, obtained from the 
Resource and Environment Science Data Centre of 
the Chinese Academy of Sciences (http://www.resdc.
cn). The data exhibited an accuracy exceeding 90%, 
adequately fulfilling the research requirements [27]. 
The database classifies land-use types into six basic 
categories: cultivated land, forests, grassland, water 
area, construction land, and unutilized land, along with 
other minor categories. This study reorganized land-
use types into eight primary types – cultivated land, 
forest, high / moderate / low coverage grassland, water 
area, construction land, and unutilized land – based on 
the latest Chinese standard Classification of Land-use 

Fig. 1. The framework of the study.
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Status Quo (GB/T21010-2017) and the actual conditions 
of Hainan Prefecture. The projected coordinate system 
has been standardized as Krasovsky_1940_Albers.

The data processing methods conformed to technical 
criteria, guaranteeing the accuracy and reliability of the 
analytical results [28]. This study sought to develop an 
appropriate landscape pattern index system, examine 
the spatial and temporal evolution characteristics of 
the landscape pattern and its ecological risk pattern in 
Hainan Prefecture, investigate the coupling relationship 
between the two, and offer a theoretical foundation for 
sustaining regional ecological security.

Research Methodology

Analysis of Land-use Change

The quantitative depiction of regional land-use 
change, which may show the extent of change in various 
landscape types at various spatial and temporal scales, 
depends heavily on measuring land-use dynamics [29]. 
To determine the features of regional land-use change, 
we compute the single land-use momentum degree of 
each land-use type in Hainan Prefecture throughout 
various time periods from 1980 to 2020. The following 
formula is used to determine the dynamic degree:
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Where K is the degree of the dynamics of a particular 
land-use type during the study period, Ua and Ub are the 
areas of a particular land type at the beginning and the 

end of the study period, respectively, and T is the length 
of the study period in years; in this study, T = 41.

Characteristics of Land-Use Transfer

The land-use transfer matrix tracks the 
interconversion of regional land-use types over a 
specified duration. This facilitates the identification 
of transfer directions and area transformations for 
each category, thereby clarifying spatial patterns, 
evolutionary trends, and the mechanisms underlying 
land-use changes [30]. The formula for the land-use 
transfer matrix is as follows:
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Sij represents the quantity of land-use type i at the 
commencement of the study and the quantity of land-
use type j at its conclusion, where i and j are the Hainan 
land-use types at the study’s outset and conclusion, 
respectively. N signifies the total number of land-use 
types, which is 8 in this study.

Landscape Ecological Risk Index

A grid encompassing all research regions was 
utilized for systematic sampling to spatialize the 
landscape ecological risk index. Studies in landscape 
ecology indicate that risk cells should be 2-5 times 

Fig. 2. Location of the study area.



5Ecological Risk Assessment of Land-Use in Hainan...

knowledge, construct the ERI for quantifying cell risk. 
It maps risk in space and time, highlights trends and 
differences, and identifies high-risk zones near human 
activities to reveal clustering and spillover, enabling 
targeted strategies. It guides restoration, land use, and 
resource allocation, enhancing ecological security 
and management precision in sustainable growth, and 
serves as a vital decision-making tool. Finally, a spatial 
distribution map of ecological risk in Hainan Prefecture 
was created using ArcGIS software in conjunction with 
ordinary kriging interpolation.

The formula for calculating the landscape ecological 
risk index (ERI) is as follows:

 

A
 A

n
ki

k i
i k

ERI R=∑
(3)

where ERIk denotes the ecological risk index of the k-th 
risk plot; Aki represents the area of the i-th landscape 
type inside the k-th risk plot; Ak signifies the overall 
area of the k-th risk plot; and Ri indicates the loss degree 
index of the i-th landscape type. 

the average patch size to effectively capture landscape 
pattern information surrounding sampling locations. 
Areas larger than 0.5 km2 are treated as a separate 
sample area, and areas smaller than 0.5 km2 are merged 
into neighboring sample areas [31]. Therefore, based on 
the average size of landscape patches, the risk units in 
Hainan Prefecture were divided into a sampling grid 
of 5×5 km, and the sampling method was an equally  
spaced systematic sampling method, resulting in  
a total of 1,905 units used as samples for ecological risk 
assessment. The landscape index was computed utilizing 
Fragstats 4.2 software, and the landscape pattern 
value for each risk cell was derived as the ecological 
risk value at the cell’s central location. Building upon 
previous research [15, 32], this study empirically 
connects land-use patterns to ecological risk by devising 
metrics. The landscape disturbance degree captures 
human impacts, while fragmentation and separation 
degrees analyze landscape integrity, which is crucial 
for risk spread. Dominance degree assesses landscape 
influence, and fragility degree reflects land use stability. 
These metrics, refined by regional studies and prior 

Table 1. Landscape pattern index formulas and ecological significance.

Index Calculation Formula Ecological Significance

Landscape
disturbance index (Ei) i i i iE aC bS cDO= + +

Ei quantifies the degree of disturbance to ecosystems across 
various landscape types due to human activities and delineates 
the differences in ecological stability maintenance among these 

landscapes [33]. The variables a, b, and c denote the weights of the 
respective landscape indices, with values assigned based on prior 

research: a = 0.5, b = 0.3, and c = 0.2.

Landscape fragmentation
index (Ci)

i
i

i

C n
A

=

This quantifies the fragmentation level of a specific landscape 
type in the region at a particular moment; thus, a higher value 

indicates reduced stability within the landscape unit and increased 
heterogeneity and discontinuity among patches [34]. ni represents 
the number of patches of landscape type i, while Ai signifies the 

total area of landscape type i.

Landscape separateness
index (Si)

The higher the value, the more significant the impact of the 
landscape type on the overall landscape pattern [35]. A represents 
the total area of the landscape, while Di denotes the distance index 

for landscape type i.

Landscape
dominance index

(DOi)

( ) 2
4

i i i
i

Q M L
DO

+ +
=

The higher the value, the more significant the impact of the 
landscape type on the overall landscape pattern [36]. Qi = the 

ratio of the number of samples in which patch i occurs to the total 
number of samples; Mi represents the ratio of the number of patch i 
to the total number of patches, while Li denotes the ratio of the area 

of patch i to the total area of samples.

Landscape vulnerability
index (Vi)

Based on the previous studies

A higher value indicates increased vulnerability and instability of 
the landscape type, resulting in a greater probability of ecological 
losses and physical alterations from external disturbances [37]. In 
this study [38], the normalized landscape vulnerability index Vi 

was computed as detailed below: Scores are assigned as follows: 
8 for unutilized land, 7 for water area, 6 for cultivated land, 5 for 
low-coverage grassland, 4 for moderate-coverage grassland, 3 for 
high-coverage grassland, 2 for forest, and 1 for construction land.

Landscape loss
degree index (Ri) i i iR E V= ×

Ri denotes the extent of degradation of the inherent characteristics 
of ecosystems across various terrain types when exposed to natural 

and human disturbances [39].
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Spatial Autocorrelation Analysis

Exploratory spatial data analysis (ESDA) is a 
technique for assessing the correlation properties 
of spatial data attribute values, generally known as 
spatial autocorrelation. Metrics for measuring spatial 
autocorrelation include global and local metrics [40]. 
This study performed spatial autocorrelation analysis of 
landscape ecological risk using ArcGIS 10.6 and GeoDa 
1.6.7 platforms. Global autocorrelation is analyzed by 
the Moran’s I index, which is characterized by a Moran’s 
scatter plot. The calculation formula for Moran’s I index 
is as follows:

  (4)

The analysis of local autocorrelation was conducted 
utilizing the Local Moran’s I index to define the spatial 
aggregation or disaggregation of the variables [39, 41]. 
The demonstration involved LISA clustering diagrams, 
which illustrated four distinct types of clustering:  
high-high (H-H), low-high (L-H), low-low (L-L),  
and high-low (H-L). These underwent Z-tests (P<0.05). 
The calculation formula is outlined below:

  (5)

  (6)

The parameter values in Eqs. (4), (5), and (6), 
respectively, are: n, which denotes the total number  
of grid cells; xi(xj), which denotes the measured value  
of grid cell i(j); (xi-x̄ ), which denotes the deviation  
of the measured value from the mean in the i-th grid 
cell; and wij, which denotes the normalized spatial 
weight matrix, and S2 denotes the variance.

Results and Discussion

Land-Use Change and Landscape Characteristics

Changes in Land-use Structure

The land-use pattern of Hainan Prefecture is 
characterized by a mosaic distribution of natural and 
semi-natural landscape types, including grassland, 
forests, and cultivated land, as well as artificial 
landscape types, such as construction land. An analysis 
of land cover statistics from 1980 to 2020 (Fig. 3) 

indicates that grassland is the predominant land-use 
type, comprising almost 62% of the total area, with 
moderate/low coverage grassland being the prevalent 
landscape type. The subsequent predominant land-use 
type is unutilized land, comprising over 12% of the 
area, predominantly in the western and southern regions 
of Gonghe County, the central region of Guinan County, 
and the western area of Xinghai County. High-coverage 
grassland accounts for approximately 9.6% of the total 
area, concentrated in the southern part of Qinghai Lake 
and Hainan Prefecture at high altitudes. About 4.5% of 
the region is cultivated land, mostly in the Yellow River 
basin and its tributaries, the Mangla and Shazhuyu 
rivers.

In Hainan Prefecture, the total area of each land-
use type from large to small is moderate coverage 
grassland > unutilized land > forests > high coverage 
grassland > cultivated land > water area > low coverage 
grassland > construction land (Table 2). From 1980 
to 2020, the area change trends of various land-use 
types in Hainan Prefecture differed. Among them, 
the cultivated land area increased continuously from 
1,636.09 km2 to 2,048.52 km2, with a net increase of 
412.43 km2. The water area and construction land area 
increased continuously. The forest area first saw a 
minor rise followed by a reduction. The high-coverage 
grassland area increased. The low-coverage grassland 
area decreased first and then increased. The moderate-
coverage grassland area decreased continuously. The 
unutilized land area decreased continuously from 
7899.30 km2 to 5403.52 km2.

Generally, Hainan Prefecture’s land-use pattern 
was relatively stable from 1980 to 2020 with a gentle 
degree of change. Type-wise, cultivated land, high/low 
coverage grassland, water area, and construction land 
all rose, with construction land growing the most, while 
unutilized land and moderate coverage grassland areas 
fell the most.

Land-use Transfer Matrix

From 1980 to 2020, a total of 7,564.1 km2 of land in 
Hainan Prefecture underwent changes in land-use types. 
(Table 3, Fig. 4) Compared with the earlier period, 
the transfer of land-use types was more pronounced 
from 2000 to 2020. Unutilized land noticed the most 
significant loss, totaling 2,495.78 km2, representing 
32.99% of the overall area impacted by the change in 
land-use patterns. Unutilized land was predominantly 
transformed into low-coverage grassland, encompassing 
2,225.16 km2, and partially into water area measuring 
200.52 km2, moderate-coverage grassland covering 
199.59 km2, high-coverage grassland spanning  
72.01 km2, and construction land totaling 14.01 km2. 
The most significant change in land-use area  
was the expansion of building land from 78.93 km2 

to 232.19 km2, resulting in a net increase of  
153.26 km², which is 20.26% of the total area of 
transformed land. Subsequently, there was an expansion 
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in the amount of low-coverage grassland, measuring 
2,274.62 km2, with increases in cultivated land, high-
coverage grassland, and water bodies. The extent of 
moderately covered grassland and forested regions 
diminished. Between 1980 and 2020, the extent of 
moderate-coverage grassland diminished markedly  
from 14,857.16 km2 to 13,614.15 km2, representing 
a reduction of 1,243.01 km2. Similarly, forest land 
contracted from 3,389.03 km2 to 3,345.77 km2,  
a decrease of 43.26 km2, whereas other land-use types, 
excluding unutilized land, exhibited varying degrees of 
expansion. 

From the time series perspective, land-use change in 
Hainan Prefecture exhibits distinct stage characteristics. 
Prior to 2000, the land-use structure exhibited minimal 
variability with a relatively narrow range of change. In 
contrast, following 2000, the transfer activity between 

land-use types was significantly more pronounced, 
accompanied by a notable intensification in land-use 
change.

Landscape Pattern

Utilizing the data from 1980 to 2020 in Table 4, 
Fragstats 4.2 software was employed to compute the 
landscape pattern indices for various land-use types 
annually and to examine the long-term change patterns 
as follows:

From 1980 to 2020, the number of patches exhibited 
an increase in most land types, particularly cultivated 
land, high-coverage grassland, and water area.  
The trend for low-coverage grassland, construction land, 
and unutilized land shows an initial decrease followed 
by a significant increase.

Fig. 3. Land-use types in Hainan from 1980 to 2020.

Table 2. Statistics of land-use types in Hainan from 1980 to 2020 (unit: km2).

Land-Use Type
Area/km² Degree of Change

1980 1990 2000 2010 2020 1980-
1990

1990-
2000

2000-
2010

2010-
2020

Cultivated land 1636.09 1732.04 1803.04 2056.91 2048.52 0.143% 0.100% 0.343% -0.010%

Forest 3389.03 3391.15 3393.14 3346.66 3345.77 0.002% 0.001% -0.033% -0.001%

High-coverage grassland 3985.43 4006.96 4000.76 4331.20 4580.06 0.013% -0.004% 0.201% 0.140%

Moderate-coverage grassland 14857.16 14720.07 14702.40 13680.05 13614.15 -0.023% -0.003% -0.170% -0.012%

Low-coverage grassland 8792.41 8715.62 8632.52 11396.18 11067.04 -0.021% -0.023% 0.781% -0.070%

Water area 2961.25 3140.24 3156.80 3266.74 3308.36 0.147% 0.013% 0.085% 0.031%

Construction land 78.93 80.28 86.14 88.72 232.19 0.042% 0.178% 0.073% 3.944%

Unutilized land 7899.30 7813.26 7824.80 5433.15 5403.52 -0.027% 0.004% -0.745% -0.013%
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Table 3. Matrix of land-use type change in Hainan from 1980 to 2020 (unit: km²).

1980

2020

Cultivated 
land Forest

High-
coverage 
grassland

Moderate-
coverage 
grassland

Low-
coverage 
grassland

Water 
area

Construction 
land

Unutilized 
land Sum

Cultivated land 1497.51 0.57 8.89 14.76 17.34 79.19 10.41 7.41 1636.09

Forest 0.67 3212.46 34.97 67.29 64.79 4.67 0.09 4.09 3389.03

High-coverage 
grassland 197.76 13.64 3634.82 80.02 41.24 6.21 0.81 10.92 3985.43

Moderate-
coverage 
grassland

246.56 67.89 727.77 12946.77 662.64 44.48 59.48 101.56 14857.16

Low-coverage 
grassland 75.63 39.17 99.47 291.94 8039.15 72.71 72.00 102.34 8792.41

Water area 14.44 1.30 2.04 13.30 16.13 2899.75 1.93 12.36 2961.25

Construction 
land 3.70 0.06 0.08 0.48 0.58 0.82 73.11 0.11 78.93

Unutilized land 12.26 10.68 72.01 199.59 2225.16 200.52 14.35 5164.73 7899.30

Sum 2048.52 3345.77 4580.06 13614.15 11067.04 3308.36 232.19 5403.52 43599.61

Fig. 4. Chord diagram of land-use type change in Hainan from 1980 to 2020 (unit: km²).
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Except for moderate-coverage grassland, the 
fragmentation and segregation indices of all other land 
types demonstrated a consistent rising trend over the 
past four decades, signifying a more fragmented and 
segregated landscape structure. Forests, low-coverage 
grasslands, water areas, and unutilized land showed 
the most significant increases in fragmentation and 
segregation indices. Conversely, despite an increase 
in the number of patches, the fragmentation and 
segregation indices for construction land demonstrated a 
decrease owing to the fast expansion of the region.

The dominance indices for the two dominant 
landscape types, cultivated land and high-coverage 
grassland, exhibited an increasing trend throughout 
the period. In contrast, the dominance indices of other  
types exhibited less fluctuation. The disturbance index 
of forest, grassland, and unutilized land remained at 
a high level with a gradual upward trend, indicating 
increasing disturbance of these feature types.  

 
In contrast, the disturbance index for construction land 
has decreased.

A comparison of the loss degree index reveals that 
the loss for unutilized land is the highest and continues 
to rise, primarily due to increased fragmentation, 
segregation, and disturbance, leading to higher 
vulnerability than other land types. The loss degree 
of constructed land has decreased in recent years due 
to intensive development and improved disturbance 
resistance.

In summary, the long-term development process 
from 1980 to 2020 has resulted in unfavorable 
fragmentation, segregation, and increased disturbance 
changes in the landscape pattern of most natural 
land-use types. In contrast, construction land has 
progressively transitioned towards intensification and 
stabilization. Unutilized land remains at a high value in 
terms of the landscape loss degree.

Table 4 Landscape pattern indices of different land-use types.

Type Year NP CA/km² Ci Si DOi Ei Fi Ri

Cultivated land

1980 1113 1636.19 0.0058 10.5694 0.0853 3.1908 0.1667 0.7292

1990 1134 1732.04 0.0063 12.0310 0.0868 3.6298 0.1667 0.7778

2000 1127 1803.04 0.0068 13.6233 0.0878 4.1080 0.1667 0.8274

2010 1171 2056.91 0.0067 14.4868 0.0954 4.3685 0.1667 0.8533

2020 2220 2048.67 0.0070 15.3604 0.1010 4.6318 0.1667 0.8786

Forest

1980 4647 3389.68 0.0120 22.3485 0.1678 6.7441 0.0556 0.6121

1990 4649 3391.15 0.0130 25.0553 0.1677 7.5567 0.0556 0.6479

2000 4591 3393.14 0.0116 21.7544 0.1668 6.5655 0.0556 0.6039

2010 4571 3346.66 0.0119 21.9661 0.1679 6.6293 0.0556 0.6069

2020 3645 3346.42 0.0117 23.3008 0.1588 7.0278 0.0556 0.6248

High-coverage 
grassland

1980 3408 3985.87 0.0084 14.1630 0.2057 4.2942 0.0833 0.5982

1990 3414 4006.96 0.0084 14.1586 0.2062 4.2930 0.0833 0.5981

2000 3396 4000.76 0.0088 15.0869 0.2060 4.5717 0.0833 0.6172

2010 3247 4331.20 0.0090 16.5254 0.2071 5.0036 0.0833 0.6457

2020 5143 4580.44 0.0102 15.1526 0.2223 4.5953 0.0833 0.6188

Moderate-
coverage 
grassland

1980 9355 14859.07 0.0075 9.0641 0.4625 2.8155 0.1111 0.5593

1990 9383 14723.68 0.0075 9.0653 0.4603 2.8154 0.1111 0.5593

2000 9360 14706.35 0.0075 9.0200 0.4548 2.8007 0.1111 0.5578

2010 8772 14706.35 0.0078 10.2052 0.4448 3.1544 0.1111 0.5920

2020 8494 13616.07 0.0067 8.9402 0.4365 2.7727 0.1111 0.5550

Low-coverage 
grassland

1980 9317 8792.84 0.0080 14.0885 0.3745 4.3054 0.1389 0.7733

1990 9331 8715.62 0.0078 13.5144 0.3738 4.1329 0.1389 0.7576

2000 9215 8632.52 0.0077 13.4733 0.3893 4.1237 0.1389 0.7568

2010 10773 11398.18 0.0072 11.8503 0.4257 3.6438 0.1389 0.7114

2020 8471 11067.72 0.0068 10.3251 0.3994 3.1808 0.1389 0.6647
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Analysis of Spatial and Temporal 
Changes in Ecological Risks

Spatial and Temporal Evolution of Ecological Risks

The value range of the landscape ecological risk index 
(ERI) in Hainan Prefecture is 0.001 - 0.191. From 1980 
to 2020, the comprehensive Landscape Ecological Risk 
Index (ERI) in Hainan Prefecture exhibited a relatively 
stable value of approximately 0.124 across five periods. 
To intuitively illustrate the spatial pattern characteristics 
of landscape ecological risk in Hainan Prefecture across 
various periods, the landscape ecological risk levels are 
categorized into five levels: low risk (ERI≤0.095), low-
medium ecological risk (0.095<ERI≤0.124), medium 
ecological risk (0.124<ERI≤0.153), medium-high risk 
(0.153<ERI≤0.182), and high risk (ERI>0.182).

From 1980 to 2020, the landscape ecological risk 
in Hainan Prefecture was mainly low-medium risk and 
medium risk (Table 5), accounting for 23.9% and 43% 
of the total area of Hainan Prefecture, respectively; the 
proportions of low, medium-high, and high risks in the 
total area of Hainan Prefecture were relatively small, 
being 7.8%, 17.7%, and 7.7%, respectively. The changes 
in landscape ecological risk levels in Hainan Prefecture 
from 1980 to 2020 exhibited variability. Regions with 
low and low-medium risks diminished from 1980 to 
2010 and subsequently grew post-2010. The share of the 
medium-risk area had an increasing trend prior to 2010 
and a decreasing trend subsequent to 2010. The region 
of medium-high risk has generally diminished. The 
high-risk region remained steady at around 3342.74 km2.

Spatial variation in the landscape ecological risk 
of Hainan Prefecture is evident (Fig. 5). Areas with 
significant ecological risk are mostly located in the 

Qinghai Lake region, the southeastern section of 
Gonghe County, the central portion of Guinan County, 
and the urban zones of Tongde County. In 2000, the high 
ecological risk region in the Longyangxia Reservoir 
grew, and in 2010, the high ecological risk area in 
the Mangla River valley in Guinan County also saw 
substantial growth. Areas with medium-high ecological 
risk are mostly located in the southwestern and southern 
regions of Gonghe County, as well as the central portion 
of Guinan County, with sporadic occurrences in the 
Yellow River basin.

Medium ecological risk zones are mostly located in 
most Xinghai County and Guide County regions, with 
additional presence around medium-high risk areas, 
illustrating the spatial transition features of landscape 
ecological risk levels. The distribution pattern is highly 
concentrated and mutually mosaic, with low-medium and 
low ecological risk regions concentrated in the southern 
part of Xinghai County, the northern part of Gonghe 
County, and the southern part of Tongde County.

The landscape ecological risk in Hainan Prefecture 
exhibits substantial spatial heterogeneity and variability. 
Areas of high ecological risk are predominantly located 
in metropolitan regions and river and lake valley belts 
heavily influenced by human activity, whereas regions 
with more intact biological settings have a lower risk 
level.

Ecological Risk Land Class Distribution

The results indicate (Fig. 6) that from 1980 to 2020, 
cultivated land in Hainan Prefecture was primarily 
distributed in the medium and medium-high ecological 
risk zones, accounting for approximately 66% of its 
total area. Conversely, forest cover was relatively 

Water area

1980 1145 2961.91 0.0054 11.2505 0.1203 3.4019 0.1944 0.8133

1990 1151 3140.24 0.0055 11.4936 0.1234 3.4755 0.1944 0.8221

2000 1106 3156.80 0.0050 10.4301 0.1237 3.1563 0.1944 0.7834

2010 1108 3266.74 0.0073 16.0191 0.1270 4.8348 0.1944 0.9696

2020 3071 3309.08 0.0082 18.0763 0.1412 5.4553 0.1944 1.0299

Construction land

1980 530 78.93 0.0056 12.3268 0.0368 3.7082 0.0278 0.3209

1990 532 80.28 0.0056 12.3915 0.0370 3.7276 0.0278 0.3218

2000 534 86.14 0.0056 12.3164 0.0371 3.7051 0.0278 0.3208

2010 531 88.72 0.0055 12.1842 0.0374 3.6655 0.0278 0.3191

2020 1345 232.19 0.0061 13.5607 0.0482 4.0809 0.0278 0.3367

Unutilized land

1980 8265 7901.36 0.0193 37.1681 0.3297 11.2260 0.2222 1.5795

1990 8266 7815.58 0.0188 35.8650 0.3287 10.8346 0.2222 1.5517

2000 8244 7826.80 0.0192 36.8979 0.3298 11.1449 0.2222 1.5737

2010 4382 5434.15 0.0157 29.7909 0.2313 8.9914 0.2222 1.4135

2020 5218 5405.33 0.0143 28.6061 0.2334 8.6357 0.2222 1.3853
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concentrated in the low and medium-low ecological 
risk zones. As the coverage of grassland vegetation 
diminished, the prevalence of high, medium, and low 
coverage grasslands in low and medium ecological risk 
zones fell, but in medium and high ecological risk zones, 
it grew. This illustrates the incremental traits of the 
ecological risk levels associated with various grassland 
kinds, which most profoundly influence Hainan 
Prefecture’s landscape ecological security framework.

The significant vulnerability of water areas 
to physical alterations resulting from ecological 
degradation and external disturbances is evident, with 
approximately 68% of the total water area situated in 
regions of high ecological risk. From 1980 to 2010, the 
majority of construction land was situated in the medium 
ecological risk zone, comprising approximately 66% of 
the total area. However, by 2020, its distribution in low 
and medium-low ecological risk zones had increased 
significantly, accounting for 21% and 34%, respectively, 
while the share of medium-risk zones had decreased to 

38%. The ecological risk associated with construction 
land has diminished in recent years.

The majority of unutilized land is concentrated in 
areas of medium and medium-high ecological risk. 
These areas are typically characterized by small, 
independent, and dispersed patches of land with an 
unstable internal structure and fluctuating ecological 
risks.

The distribution patterns of different land-use types 
in terms of landscape ecological risk levels exhibit 
notable differences, reflecting their respective ecological 
risks. Among these, the moderate and low-coverage 
grasslands exert the greatest influence on Hainan 
Prefecture’s overall ecological security pattern. 

Spatial Autocorrelation Analysis  
of Landscape Ecological Risk

The global Moran’s I index test results, depicted in 
Fig. 7, show that the global Moran’s I values for landscape 

Table 5. Area and proportion of landscape ecological risk levels in Hainan from 1980 to 2020.

Risk level
Area/km² Proportion%

1980 1990 2000 2010 2020 1980 1990 2000 2010 2020

Low ecological risk 3287.74 3287.74 3337.69 3610.53 3404.00 7.5% 7.5% 7.7% 8.3% 7.8%

Low-medium
ecological risk 10183.94 10333.89 10284.03 10687.00 10595.34 23.4% 23.7% 23.6% 24.5% 24.3%

Medium ecological risk 19005.95 18805.97 18805.85 18333.82 18806.93 43.6% 43.1% 43.1% 42.0% 43.1%

Medium-high
ecological risk 7790.62 7890.64 7740.55 7711.96 7411.90 17.9% 18.1% 17.8% 17.7% 17.0%

High ecological risk 3337.72 3287.69 3437.76 3262.74 3387.81 7.7% 7.5% 7.9% 7.5% 7.8%

Fig. 5. Spatial distribution of ecological risk levels in Hainan from 1980 to 2020.
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ecological risk in Hainan Prefecture from 1980 to 2020 
ranged from 0.451 to 0.456 (P<0.05). These exhibited a 
significant positive correlation in spatial distribution and 
demonstrated characteristics of aggregated distribution. 
The time series indicates a gradual upward trend, 
implying an increase in the spatial autocorrelation 
of landscape ecological risk, a weakening spatial 
heterogeneity among various landscape types, and a 
rising overall trend of convergence.

Further analysis of the Moran scatter plot reveals 
that the scatter points in different periods are distributed 
in close proximity to the regression straight line, 
indicating pronounced characteristics of homogeneity 
and heterogeneity. The majority of the scatter plots 
fall within the first and third quadrants, indicating that 
landscape ecological risks are gradually increasing in 
“high-high” or “low-low” clustering. This implies that 
both high-risk and low-risk areas are becoming more 
concentrated spatially.

The local spatial autocorrelation analysis (Fig. 8) 
reveals that the LISA clustering map predominantly 
exhibits “low-low” (L-L) and “high-high” (H-H) 
clustering patterns in the landscape ecological risk of 
Hainan Prefecture, while “low-high” (L-H) and “high-
low” (H-L) clustering occurrences are comparatively 
infrequent. Over time, the spatial influence of “L-L” and 
“H-H” clustering intensified, whilst regions exhibiting 
random distribution without discernible clustering 
trends diminished. 

The “L-L” aggregation area is concentrated in Tongde 
County, southern Xinghai County, and northeastern 

Guide County, highly overlapping with the low 
ecological risk area. The “H-H” aggregation area 
was initially concentrated in the Qinghai Lake area, 
Longyangxia Reservoir, the valley of the Mangla River, 
and the northern part of Xinghai County. Over time, it 
gradually expanded outward, significantly expanding 
within the Yellow River basin in Guide County by 2010. 
Its spatial distribution is highly consistent with the 
distribution pattern of medium-high and high ecological 
risk areas.

The landscape ecological risk of Hainan Prefecture 
exhibits pronounced regional differentiation and 
group clustering characteristics in the spatial pattern.  
The high-risk and low-risk zones tend towards 
concentrated distribution, while the medium-risk zones 
gradually converge and form transition zones, leading 
to a decrease in heterogeneity within the region and  
an increase in homogenization.

Discussion

Spatial Characteristics and Functional 
Patterns of Land Resources

The land-use pattern of the Hainan Prefecture 
presents a mosaic distribution of alpine meadow 
grassland, alpine scrub forests, plateau river valley 
lakes, and other characteristic landscape types. Among 
these, the grassland system, representing the dominant 
vegetation ecosystem, occupies over 62% of the area 
and provides the foundation for the regional vegetation 

Fig. 6. Distribution of ecological risks by land-use types.
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Fig. 7. Global spatial autocorrelation of ecological risk in Hainan from 1980 to 2020.

Fig. 8. Local autocorrelation diagram of ecological risk.
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ecosystem. Grassland resources play a pivotal and 
irreplaceable role in ecological service functions such as 
wind and sand stabilization [42], water preservation [43], 
carbon storage [44], and oxygen production [45]. Chen et 
al.’s comprehensive assessment of grassland ecological 
functions [23] has fully confirmed the importance of 
grassland in maintaining regional ecological balance, 
providing indispensable strategic support for optimizing 
the agricultural and animal husbandry production 
structure. Its rational development and utilization are 
effective ways to address the challenges of agricultural 
transformation.

Cultivated land is intermittently distributed in 
river valleys and low-altitude mountainous areas 
where irrigation and water conservancy facilities are 
relatively well-developed, such as the Yellow River and 
the Mangla River, among others. The cultivated land 
area continued to expand from 1980 to 2010 but began 
to exhibit a declining trend after 2010. The number 
of patches increased, accompanied by an increase in 
the degree of fragmentation. The distribution pattern 
of cultivated land is subject to dual constraints: the 
natural conditions of the arid climate [46], the lack of 
irrigation facilities, and the limited reclaimable reserve 
resources in the highland region [47]. These constraints 
are compounded by the dual pressures of economic 
and social development, which are gradually replacing 
cultivated land with land for construction. Liu et al.’s in-
depth analysis of the driving factors of cultivated land 
change [27] has revealed a close negative correlation 
between the available water resources and the expansion 
potential of cultivated land in arid and semi-arid regions, 
strongly supporting the assertion in this study about the 
influence of natural and human factors on the cultivated 
land pattern.

The spatial distribution of construction land 
demonstrates a trend of expansion toward the 
periphery along the river valley. From 2010 to 2020, 
construction land expanded by 143.47 km2, primarily 
in areas previously covered by moderate- and low-
coverage grassland. The proliferation of construction 
land results in the loss and fragmentation of grassland 
habitats and the destruction of ecological services 
[48]. As urbanization, economic development, and 
city population concentration have increased, Hainan 
Prefecture has intensified efforts to construct roads, 
railways, airports, and other transport infrastructure 
[49]. Furthermore, Hainan Prefecture’s location at 
the southern end of Qinghai Lake provides a wealth 
of tourism resources, leading to a rapid expansion of 
tourism-related facilities and supporting infrastructure 
in recent years [50]. However, excessive construction 
expansion has worsened the problems of soil erosion and 
vegetation destruction. As shown in the case described 
by He et al., the disorderly expansion of construction 
land in a similar region has significantly increased the 
soil erosion modulus, causing a severe impact on the 
ecological environment [51]. Therefore, in the process 
of urban development, it is urgent to set ecological red 

lines and strictly control the construction expansion in 
the Yellow River Basin, Qinghai Lake Basin, and other 
ecologically sensitive areas.

As a significant ecosystem type in Hainan 
Prefecture, forest resources have undergone relatively 
consistent change, with the majority concentrated in the 
high-altitude mountainous regions of northern Gonghe 
County, southern Xinghai County, and southern Tongde 
County. Some forest resources have been transformed 
into grassland to stabilize the forest ecosystem, so 
it is necessary to strengthen forest protection and 
afforestation work and scientifically integrate newly 
generated grassland resources into the ecological 
protection and construction system. The long-term 
monitoring study carried out by Heino et al. clearly 
shows that continuous and effective forest protection 
strategies can significantly increase the forest coverage 
rate and enhance the stability of the ecosystem [52], 
providing a solid practical basis and scientific guidance 
for the management of local forest resources.

The spatial distribution indicates that unutilized land 
is predominantly located in Gonghe County, central 
Guinan County, and southern Xinghai County. Over 
the past 40 years, through measures such as artificial 
afforestation and comprehensive land management, 
2,281 km2 of unutilized land has been transformed 
into grassland. Over the past 40 years, 2,281 km2 of 
unutilized land has been transformed into grassland, 
showing a continuous decline in area, but it still 
occupies a certain proportion by 2020, indicating that its 
reasonable planning and management cannot be ignored. 
On the one hand, its existence reflects the potential for 
land development. On the other hand, it has an unstable 
internal structure and fluctuating ecological risks, 
typically with small, independent, and dispersed land 
patches. Therefore, when planning and managing, it is 
necessary to comprehensively consider its ecological, 
economic, and social values. Yi et al. constructed  
a comprehensive assessment model to accurately  
weigh the ecological gains and losses and economic 
benefits during the development of unutilized land [53], 
providing a valuable example for scientific and rational 
planning and ensuring the sustainable use of land 
resources and the long-term protection of the ecological 
environment.

During the 40 years from 1980 to 2020, the water area 
in Hainan Prefecture showed a continuous increasing 
trend. Additionally, the number of patches, together with 
the fragmentation and separation indices, exhibited an 
increasing tendency. This means that water distribution 
in the region is more discrete, and the connectivity 
with other landscape types is affected. Concurrently, 
the dominance index of the water area changed, and 
its impact on the entire landscape pattern shifted with 
the expansion of the area. The water area faces many 
threats with the intensification of urbanization and 
human activities. Pollution emissions have led to 
water quality deterioration, and the change in land 
use around the water area has caused the compression 
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of ecological space, thereby seriously weakening the 
ecological service functions of the water environment. 
Relevant studies, such as Zhang et al.’s unique study on 
water ecological stress [54], have revealed the inverse 
relationship between the expansion of surrounding 
construction land and the ecological buffer capacity of 
the water area, that is, the expansion of construction 
land significantly reduces the ecological buffer capacity 
of the water area, strongly highlighting the urgency and 
necessity of strengthening water protection and rational 
use in this study.

Landscape Ecological Risk Assessment 
and Optimal Allocation Strategies

From 1980 to 2020, the landscape of Hainan 
Prefecture was dominated by low-medium and medium 
ecological risk levels. The comprehensive ecological 
risk remained relatively stable, indicating a generally 
stable ecological security situation.

The spatial distribution pattern of landscape 
ecological risk is strongly correlated with the the 
plateau’s natural zonation. As the altitude increased from 
northeast to southwest across Hainan Prefecture, the 
temperature and precipitation decreased, and the natural 
ecosystem transitioned from low-coverage grassland 
to high-coverage desert to high-coverage grassland 
and forests. Consequently, the landscape ecological 
risk distribution in Hainan Prefecture was primarily 
influenced by natural factors, with human activities 
playing a more prominent role in the southeastern region 
of Gonghe County, the central area of Guinan County, 
and the towns and villages of Tongde County.

Regarding the spatial and temporal distribution of 
ecological risks, low-risk areas were predominantly 
situated in regions with extensive forest cover and rich 
biodiversity, representing valuable ecological resources 
[55]. Before 2010, the area of low-risk regions gradually 
increased, whereas after 2010, it declined. Cultivating 
public welfare forests, establishing and improving 
forest protection patrol mechanisms, and implementing 
differentiated protection policies for forests and 
grasslands are effective measures for protecting low-
risk areas. Börner et al.’s systematic assessment of 
the effectiveness of forest ecosystem protection [56] 
has verified the significant effect of these measures in 
improving the service value of the forest ecosystem, 
providing a reliable reference for local ecological 
protection practices.

Moderately and lowly covered grasslands are 
widely distributed, accounting for about 50% of the 
total area of Hainan Prefecture. Their ecological risk 
levels are mostly at medium-low levels; although the 
current ecological protection measures in some areas 
have improved the vegetation conditions and reduced 
the ecological risk, the overall ecological security 
framework still faces potential threats, and there is 
still room for further risk reduction. In recent years,  
the execution of ecological protection measures [57]  

has improved the vegetation situation and has resulted in 
a significant reduction in ecological risk. 

In terms of the spatial autocorrelation of landscape 
ecological risk, forests, moderate coverage grassland, 
and low coverage grassland, as important ecological 
spaces, show a decentralized “faceted” patch L-L 
clustering pattern. It is therefore crucial to prioritize the 
restoration and reconstruction of vegetation in moderate 
and low-coverage grassland areas. Montgomery has 
proposed strengthening regional monitoring to prevent 
soil erosion and land polishing, formulate agricultural 
production layout plans, and control agricultural 
development in ecologically sensitive areas [58]. In light 
of the aforementioned evidence, this study posits that it 
is imperative to implement measures aimed at restoring 
farmland to its original state as forest and grassland in 
ecologically vulnerable areas, such as sandy land and 
rocky desertification zones. Implementing stringent 
restrictions on deforestation and establishing effective 
grazing management practices can contribute to 
the overall reinforcement of the ecological security 
framework in Hainan Prefecture.

With the continuous population growth and the 
in-depth progress of urbanization, the distribution 
pattern of cultivated land and construction land in the 
river valley area of Hainan Prefecture has changed 
significantly. The ecological risk caused by human 
activities has been increasing yearly and shows a 
significant positive correlation with the change in 
the construction land area. Since 2010, the degree of 
separation of construction land patches has increased 
significantly, clearly reflecting the urgent need to 
improve the intensive use of construction land in the 
process of rapid urbanization. Hong et al.’s urban 
expansion simulation analysis [59] has demonstrated 
the positive role of rational construction land planning 
in reducing ecological risk during urban development. 
In view of this, expanding urban construction-intensive 
areas, constructing ecological corridors connecting 
high-risk areas, reasonably reserving development 
space, strengthening the intensive use efficiency of 
existing construction land, and strictly controlling the 
disorderly expansion of new urban construction land 
have become key measures to optimize the land use 
pattern and reduce ecological risk. 

Economic development and ecological protection 
coordination should be enhanced, and the industrial 
structure should be adjusted and optimized. This should 
coincide with promoting a green, low-carbon recycling 
development model to effectively protect regional 
ecological security. A government-led, departmental 
linkage, multi-party participation work pattern should 
be established through a multi-pronged approach, 
including planning guidance, engineering governance, 
monitoring and early warning, institutional constraints, 
and social participation.

The aim is to continuously enhance ecological 
environmental quality, therefore establishing a robust 
basis for the development of a modern ecological society 
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and economic system in Hainan Prefecture. In light of 
the water area’s high vulnerability, it is imperative that 
the allocation of water resources in Hainan Prefecture be 
optimized to prevent transitional mining. Furthermore, 
implementing a sewage permit system is essential to 
reduce the discharge of pollutants from industrial, 
domestic, and agricultural sources. Establishing buffer 
zones, including artificial wetlands, in Qinghai Lake 
and the Yellow River is essential to alleviate the effects 
of human activity on the aquatic environment.

Study Shortcomings and Recommend 
Process Improvements

This study presents specific limitations. There 
exists inherent uncertainty in the assessment process 
due to variations in data quality, division of risk units, 
and assignment of weights. Because of the absence of 
a unified evaluation index system and standardized 
criteria for risk level division, enhancing the reliability 
of assessment results is required. The relative nature 
of the evaluation results complicates their widespread 
comparison and application.

Another issue is the absence of mature risk 
management frameworks. Existing studies primarily 
focus on the assessment itself, lacking feasible  
risk management and control recommendations.  
The evaluation methods also require improvement. 
For instance, the weight assignment method is highly 
subjective, and factors such as ecosystem service 
functions need to be incorporated into the basis of 
judgment.

There is still room to expand the application of 
GIS grid methods and spatial autocorrelation analysis 
in risk assessment. It is essential to investigate more 
intuitive and accurate approaches to represent the spatial 
characteristics of risk.

In conclusion, the current landscape ecological risk 
assessment is characterized by several shortcomings, 
including uncertainty in assessment, a single indicator 
system, a lack of management countermeasures, the 
need for method optimization, and insufficient spatial 
analysis. Continuous improvement and innovation in 
these areas are essential.

Conclusions

This work developed a landscape ecological risk 
assessment index system utilizing land-use data from 
Hainan Prefecture from 1980 to 2020. Spatial analytic 
techniques quantitatively represented the process of 
regional land-use change and its ecological impacts.  
The findings were derived as follows: 

(1) The land-use structure of Hainan Prefecture 
is dominated by grassland, which is allowed by forest 
and unutilized land. Between 1980 and 2020, cultivated 
land, construction land, and water areas continued  

to increase, while forest and unutilized land decreased. 
From a dynamic perspective, the land-use structure was 
relatively stable prior to 2000, with more pronounced 
changes occurring subsequently.

(2) The largest area of land was converted from 
unutilized land to other types during the 40-year 
period, with the main type of conversion being low-
coverage grassland. This indicates that the unutilized 
land resources have been fully utilized, but it may also 
exacerbate the ecological risks in some areas.

(3) The landscape ecological risk index (ERI) 
was roughly 0.124, signifying a predominantly stable 
ecological security condition. Nonetheless, regarding 
spatial distribution, regions with significant ecological 
risk are predominantly located around Qinghai Lake, 
river valleys, and urban peripheries. Areas with medium 
and low ecological risk comprise around 66% of Hainan 
Prefecture, posing a possible threat to ecological safety. 

(4) The landscape ecological risk exhibits 
pronounced spatial autocorrelation and aggregation 
distribution characteristics, as evidenced by Moran’s 
I values between 0.451 and 0.456. Zones with low 
ecological risk are predominantly situated in regions 
characterized by high-elevation forests, whereas zones 
with high ecological risk are usually found in locations 
with watersheds, undeveloped territory, elevated 
population densities, and extensive developed land.

Conflict of Interest

The authors declare no conflict of interest. 

References

1. SMITH K. Environmental Hazards. Routledge, pp. 23, 
2013.

2. JIN X., JIN Y., MAO X. Ecological risk assessment 
of cities on the Tibetan Plateau based on land use/land 
cover changes – Case study of Delingha City. Ecological 
Indicators. 101, 185, 2019.

3. SUTER G.W. Ecological risk assessment in the United 
States environmental protection agency, A historical 
overview. Integrated Environmental Assessment and 
Management. 4 (3), 285, 2008.

4. RAIMONDO S., FORBES V.E. Moving beyond Risk 
Quotients, Advancing Ecological Risk Assessment to 
Reflect Better, More Robust and Relevant Methods. 
Ecologies. 3 (2), 145, 2022.

5. SUTER G.W. A Framework for Assessment of Ecological 
Risks from Multiple Activities. Human and Ecological 
Risk Assessment, An International Journal. 5 (2), 397, 
1999. 

6. REGAN H.M., COLYVAN M., BURGMAN M.A. A 
taxonomy and treatment of uncertainty for ecology and 
conservation biology. Ecological Applications. 12 (2), 618, 
2002.

7. LIDING C., YANG L., YIHE L., XIAOMING F.,  
BOJIE F. Pattern analysis in landscape ecology, progress, 
challenges and outlook. Acta Ecologica Sinica. 10 (11), 
5521, 2008.



17Ecological Risk Assessment of Land-Use in Hainan...

8. RIITTERS K.H., O’NEILL R.V., HUNSAKER C.T., 
WICKHAM J.D., YANKEE D.H., TIMMINS S.P., 
JONES K.B., JACKSON B.L. A factor analysis of 
landscape pattern and structure metrics. Landscape 
Ecology. 10 (1), 23, 1995.

9. RIPPLE W.J., BRADSHAW G.A., SPIES T.A. Measuring 
forest landscape patterns in the cascade range of Oregon, 
USA. Biological Conservation. 57 (1), 73, 1991.

10. WANG X., BLANCHET F.G., KOPER N. Measuring 
habitat fragmentation, An evaluation of landscape pattern 
metrics. Methods Ecology and Evolution. 5 (7), 634, 2014.

11. REN S., ZHAO H., ZHANG H., WANG F., YANG H. 
Influence of Natural and Social Economic Factors on 
Landscape Pattern Indices – The Case of the Yellow River 
Basin in Henan Province. Water (Basel). 15 (23),4174,2023.

12. FORMAN R.T.T. FOUNDATIONS. In The Ecological 
Design and Planning Reader. Washington, DC, Island 
Press/Center for Resource Economics, 4, pp. 217, 2014. 

13. REINHARDT L., JEROLMACK D., CARDINALE 
B.J., VANACKER V., WRIGHT J. Dynamic interactions 
of life and its landscape, feedbacks at the interface of 
geomorphology and ecology. Earth Surface Processes and 
Landforms. 35 (1), 78, 2010.

14. FOCARDI S., CORSI I., MAZZUOLI S., VIGNOLI 
L., LOISELLE S.A., FOCARDI S. Integrating Remote 
Sensing Approach with Pollution Monitoring Tools for 
Aquatic Ecosystem Risk Assessment and Management, A 
Case Study of Lake Victoria(UGANDA). Environmental 
Monitoring and Assessment. 122 (1-3), 275, 2006.

15. WANG M., NIU Z., ZHONG Z., LI J., LIU H. Landscape 
Ecological Risk Assessment of the Chaohu Lake Region 
Based on Dynamic Evolution of Landscape Patterns. 
Polish Journal Of Environmental Studies. 33 (3), 2831, 
2006.

16. WORACHAIRUNGREUNG M., KULPANICH N., 
THANAKUNWUTTHIROT K., HEMWAN P. Monitoring 
Agricultural Land Loss by Analyzing Changes in Land 
Use and Land Cover. Emerging Science Journal. 8 (2), 687, 
2024.

17. NZE C.O., AGUNWAMBA J.C. Estimation of Soil Loss 
using Remote Sensing Data in a Regional Tropical Humid 
Catchment Area. Civil Engineering Journal (Iran). 10 (7), 
2293, 2024.

18. RATTANARAT J., JAROENSUTASINEE K., 
JAROENSUTASINEE M., SPARROW E.B. Government 
Policy Influence on Land Use and Land Cover Changes: 
A 30-Year Analysis. Emerging Science Journal. 8 (5):1783, 
2024.

19. SHEN W., ZHANG J., WANG K., ZHANG Z. Identifying 
the spatio-temporal dynamics of regional ecological 
risk based on Google Earth Engine, A case study from 
Loess Plateau, China. Science of The Total Environment. 
873,162346, 2023.

20. XIA M., JIA K., WANG X., BAI X., LI C., ZHAO W. A 
framework for regional ecosystem authenticity evaluation 
– a case study on the Qinghai-Tibet Plateau of China. 
Global Ecology and Conservation. 31, e01849, 2021.

21. QU Y., ZONG H., SU D., PING Z., GUAN M. Land Use 
Change and Its Impact on Landscape Ecological Risk 
in Typical Areas of the Yellow River Basin in China. 
International Journal of Environmental Research and 
Public Health. 18 (21), 11301, 2021.

22. YANG Z., XUE B., LIU B., TIAN J., SUN X., HUO Q. 
City profile, Hainan Tibetan Autonomous Prefecture, a 
water tower city toward sustainability. Cities. 134, 104198, 
2023.

23. CHEN Q., LIU J. Development process and perspective on 
ecological risk assessment. Acta Ecologica Sinica. 34 (5), 
239, 2014.

24. LIANG Y., SONG W. Integrating potential ecosystem 
services losses into ecological risk assessment of land 
use changes, A case study on the Qinghai-Tibet Plateau. 
Journal of Environmental Management. 318, 115607, 2022.

25. WANG S., TAN X., FAN F. Landscape Ecological Risk 
Assessment and Impact Factor Analysis of the Qinghai–
Tibetan Plateau. Remote Sensing (Basel). 14 (19), 4726, 
2022.

26. SUN W., SHAO Q., LIU J. Soil erosion and its response 
to the changes of precipitation and vegetation cover on the 
Loess Plateau. Journal of Geographical Sciences. 23 (6), 
1091, 2013.

27. NING J., LIU J., KUANG W., XU X., ZHANG S., 
YAN C. Spatiotemporal patterns and characteristics of 
land-use change in China during 2010–2015. Journal of 
Geographical Sciences. 28 (5), 547, 2018.

28. JIN X., JIN Y., MAO X. Ecological risk assessment 
of cities on the Tibetan Plateau based on land use/land 
cover changes – Case study of Delingha City. Ecological 
Indicators. 101, 185, 2019.

29. VERBURG P.H., OVERMARS K.P. Dynamic Simulation 
of Land-Use Change Trajectories with the Clue-S Model. 
In, Modelling Land-Use Change. Dordrecht, Springer 
Netherlands, pp. 321, 2007.

30. SHI G., YE P., DING L., QUINONES A., LI Y., JIANG N. 
Spatio-Temporal Patterns of Land Use and Cover Change 
from 1990 to 2010, A Case Study of Jiangsu Province, 
China. International Journal of Environmental Research 
and Public Health. 16 (6), 907, 2019.

31. O’NEILL R.V., RIITTERS K.H., WICKHAM J.D., JONES 
K.B. Landscape Pattern Metrics and Regional Assessment. 
Ecosystem Health. 5 (4), 225, 1999.

32. YANG Y., CHEN J., LAN Y., ZHOU G., YOU H., HAN 
X. Landscape Pattern and Ecological Risk Assessment 
in Guangxi Based on Land Use Change. International 
Journal of Environmental Research and Public Health. 19 
(3), 1595, 2022.

33. JI Y., BAI Z., HUI J. Landscape Ecological Risk 
Assessment Based on LUCC – A Case Study of Chaoyang 
County, China. Forests. 12 (9), 1157, 2021.

34. ZHOU S., CHANG J., HU T., LUO P., ZHOU H. 
Spatiotemporal Variations of Land Use and Landscape 
Ecological Risk in a Resource-Based City, from 
Rapid Development to Recession. Polish Journal Of 
Environmental Studies. 29 (1), 475, 2019.

35. LAN Y., CHEN J., YANG Y., LING M., YOU H., HAN 
X. Landscape Pattern and Ecological Risk Assessment in 
Guilin Based on Land Use Change. International Journal 
of Environmental Research and Public Health. 20 (3), 
2045, 2023.

36. SUN N., CHEN Q., LIU F., ZHOU Q., HE W., GUO Y. 
Land Use Simulation and Landscape Ecological Risk 
Assessment on the Qinghai-Tibet Plateau. Land (Basel). 12 
(4), 923, 2023.

37. RANI M., REHMAN S., SAJJAD H., CHAUDHARY 
B.S., SHARMA J., BHARDWAJ S. Assessing coastal 
landscape vulnerability using geospatial techniques along 
Vizianagaram–Srikakulam coast of Andhra Pradesh, 
India. Natural Hazards. 94 (2), 711, 2018.

38. KARIMIAN H., ZOU W., CHEN Y., XIA J., WANG Z. 
Landscape ecological risk assessment and driving factor 
analysis in Dongjiang river watershed. Chemosphere. 
307,135835, 2022.



Qi Yang, et al.18

39. ZHANG F., YUSHANJIANG A., WANG D. Ecological 
risk assessment due to land use/cover changes (LUCC) in 
Jinghe County, Xinjiang, China from 1990 to 2014 based 
on landscape patterns and spatial statistics. Environmental 
Earth Sciences. 77 (13), 491, 2018.

40. ZHU Z., MEI Z., XU X., FENG Y., REN G. Landscape 
Ecological Risk Assessment Based on Land Use Change 
in the Yellow River Basin of Shaanxi, China. International 
Journal of Environmental Research and Public Health. 19 
(15), 9547, 2022.

41. FAN J., WANG Y., ZHOU Z., YOU N., MENG J. Dynamic 
Ecological Risk Assessment and Management of Land 
Use in the Middle Reaches of the Heihe River Based on 
Landscape Patterns and Spatial Statistics. Sustainability. 8 
(6), 536, 2016.

42. GUOLI G., JIYUAN L., QUANQIN S., JUN Z. Sand-
Fixing Function under the Change of Vegetation Coverage 
in a Wind Erosion Area in Northern China. Molecular 
Ecology Resources. 5 (2), 105, 2014.

43. GUO X., ZHOU H., DAI L., LI J., ZHANG F., LI Y. 
Restoration of Degraded Grassland Significantly Improves 
Water Storage in Alpine Grasslands in the Qinghai-Tibet 
Plateau. Frontiers in Plant Science. 12, 778656, 2021.

44. YANG Y., TILMAN D., FUREY G., LEHMAN C. 
Soil carbon sequestration accelerated by restoration of 
grassland biodiversity. Nature Communications. 10 (1), 
718, 2019.

45. WEN L., JINLAN W., XIAOJIAO Z., SHANGLI S., 
WENXIA C. Effect of degradation and rebuilding of 
artificial grasslands on soil respiration and carbon and 
nitrogen pools on an alpine meadow of the Qinghai-
Tibetan Plateau. Ecological Engineering. 111, 134, 2018.

46. DIAO C., LIU Y., ZHAO L., ZHUO G., ZHANG Y. 
Regional-scale vegetation-climate interactions on the 
Qinghai-Tibet Plateau. Ecological Informatics. 65, 101413, 
2021. 

47. YU L., LIU S., WANG F., LIU Y., LIU H., WANG Q. 
Strategies for agricultural production management based 
on land, water and carbon footprints on the Qinghai-Tibet 
Plateau. Journal of Cleaner Production. 362, 132563, 2022.

48. ZHAO Q., WEN Z., CHEN S., DING S., ZHANG M. 
Quantifying Land Use/Land Cover and Landscape Pattern 
Changes and Impacts on Ecosystem Services. International 
Journal of Environmental Research and Public Health. 17 
(1), 126, 2019.

49. JIA X., WANG D., LIU F., DAI Q. Evaluation of Highway 
Construction Impact on Ecological Environment of 
Qinghai-Tibet Plateau. Environmental Engineering and 
Management Journal. 19 (7), 1157, 2020.

50. ZHAO L., DU M., ZHANG W., LI C., LIU Q., KANG 
X. Functional zoning in national parks under multifactor 
trade-off guidance, A case study of Qinghai Lake National 
Park in China. Journal of Geographical Sciences. 32 (10), 
1969, 2022.

51. HE Q., DAI X., CHEN S. Assessing the effects of 
vegetation and precipitation on soil erosion in the Three-
River Headwaters Region of the Qinghai-Tibet Plateau, 
China. Journal of Arid Land. 12 (5), 865, 2020.

52. HEINO M., KUMMU M., MAKKONEN M., MULLIGAN 
M., VERBURG P.H., JALAVA M., RÃÄSÄNEN TIMO. 
A. Forest Loss in Protected Areas and Intact Forest 
Landscapes: A Global Analysis. PLoS One. 10 (10), 
e0138918, 2015.     

53. YI L., ZHANG Z., ZHAO X., LIU B., WANG X., WEN 
Q., ZUO L., LIU F., XU J., HU S. Have Changes to Unused 
Land in China Improved or Exacerbated Its Environmental 
Quality in the Past Three Decades? Sustainability. 8 (2), 
184, 2016.

54. ZHANG X., HAN H. Characteristics and factors 
influencing the expansion of urban construction land in 
China. Scientific Reports. 14 (1), 16040, 2024.

55. BENGTSSON J., NILSSON S.G., FRANC A., MENOZZI 
P. Biodiversity, disturbances, ecosystem function and 
management of European forests. Forest Ecology and 
Management. 132 (1), 39, 2000.

56. BÖRNER J., SCHULZ D., WUNDER S., PFAFF A. 
The Effectiveness of Forest Conservation Policies and 
Programs. Annual Review of Resource Economics. 12 (1), 
45, 2020.

57. FU B., OUYANG Z., SHI P., FAN J., WANG X., ZHENG 
H. Current Condition and Protection Strategies of Qinghai-
Tibet Plateau Ecological Security Barrier. Bulletin of 
Chinese Academy of Sciences. 36 (11), 1298, 2021.

58. MONTGOMERY D.R. Soil erosion and agricultural 
sustainability. Proceedings of the National Academy of 
Sciences. 104 (33), 13268, 2007.

59. HONG W., WANG W., GUO R. Policies for optimizing 
land-use layouts in highly urbanized areas: An analysis 
framework based on construction land clearance. Habitat 
International. 130, 102697, 2022.


