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In the process of urbanization, maintaining ecosystem health in ecologically fragile
regions is an inevitable requirement for sustainable development in the future, but
the ecological health status varies greatly at different spatial scales. Determining the
appropriate spatial scale of ecological health assessment is the basis and premise of
ecological management and environmental protection policy making. Taking
Dianchi Lake basin as the research area, based on the vigor-organization-
resilience (VOR) model and landscape pattern index, this study established an
assessment system of ecological health to evaluate the ecosystem health status
from quadrat, ecological and administrative scales, with the aim to determine a
reasonable evaluation scale and strengthen regional sustainability. The results show
that: 1) The suitable spatial grain of landscape pattern analysis in Dianchi Lake basin is
150 m. 2) The average values of ecosystem health indices at quadrat scale, ecological
scale and administrative scale are 0.5466, 0.4977 and 0.5373, respectively,
demonstrating a sub-health state. 3) The most suitable scale for ecological health
assessment of Dianchi Lake basin is ecological scale, because taking sub-watershed
as ecological unit can ensure the integrity of the evaluated ecosystem to the greatest
extent. Multiscale assessment is helpful for eco-environmental management
departments to understand the ecosystem health status at different scales and
provide a scientific basis for regional eco-environmental management decisions.

KEYWORDS

region ecosystem health, multiscale assessment, VOR model, landscape pattern, Dianchi
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1 Introduction

Ecosystem health refers to the ability of an ecosystem to keep its organizational structure,
respond to changing conditions, and recover from stressors (Rapport, 1989; Das et al., 2020).
Watershed, as a special regional ecosystem and a unique geographical unit, is crucial for
managing runoff, conserving water, purifying water quality, and preserving regional biological
balance. A healthy watershed is very important to natural ecosystems and social systems (Luo
etal, 2003; Wu et al,, 2015). It can not only provide different ecological products or services for
human beings, but also has certain self-adjustment and recovery ability to natural and human
disturbance (Wu et al., 2015). Unfortunately, human activities directly or indirectly affect all
aspects of the watershed, resulting to the continuous deterioration of the watershed ecosystem
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(Chen et al, 2016). In particular, watersheds in ecologically fragile
regions are facing mounting problems of ecological protection and
economic development. The effects of urbanization process,
particularly the wasteful development, over-exploitation and
utilization of water and soil resources, will result in large-scale
changes in the watershed environment, and the structure and
function of the watershed ecosystem, which poses a serious threat
to the ecosystem health (Zhao et al, 2012; Zhang H. et al., 2013a).
Therefore, accurately evaluating ecological health of watershed is
critical for promoting regional sustainable development in
ecologically fragile region, both theoretically and practically.

As a new goal of environmental management, ecosystem health
has become a hot spot and a new direction of environmental research
(Guo et al,, 2002; Xiao and Ou, 2002; Fan et al., 2006; Peng et al., 2007;
Zhang W. et al., 2020b; Cheng et al., 2020; Das et al., 2020; Pan et al,,
2020; Shen et al., 2021). Schaeffer et al. (1988) first discussed the
measurement of ecosystem health in 1988, and proposed principles
and methods to evaluate ecosystem health. Since the 1980s, a great deal
of research has been done on watershed ecosystem health, involving
the method of biological integrity index evaluation (IBI) (Back et al.,
2014; Lin et al, 2021), planktonic index of biotic integrity (PIBI)
(Zhang Y. et al., 2020c), landscape pattern index (Fang et al., 2012; Xie
etal, 2015), press-state-response (PSR) model (He et al., 2015), fuzzy
mathematical model (Xie et al., 2015), vitality-organization-resilience
(VOR) model and so on (Ma et al., 2001; Luo et al.,, 2003; Lei et al,,
2020). In particular, VOR model is a commonly used comprehensive
evaluation method for ecosystem health, which contains three factors:
ecosystem vitality, ecosystem organization and ecosystem resilience
(Costanza et al., 1997; Rapport et al., 1998; Yuan et al., 2019; Yan et al,,
2020). On the other hand, the process of watershed urbanization has
significantly changed land use and landscape pattern (Robert et al.,
1989). Accordingly, it is a trend that current scholars use landscape
patterns to evaluate ecosystem health at the regional scale. Landscape
pattern-based ecological health evaluation is generally carried out by
constructing a comprehensive ecological health evaluation index
system and using an analytic hierarchy process (Ou et al., 2018).
Asan example, Fang et al. (2012) calculated the ecological health index
of the Luanhe River basin by using the landscape pattern index, and
analyzed the ecosystem health status of various cities. Xie et al. (2015)
clarified the spatial distribution and limiting factors of watershed
ecosystem health by using the landscape pattern index and other
evaluation indicators in the Tiaoxi watershed. Existing research
provides an established research method and system for landscape
pattern-based ecological health assessment. However, there are still
some obvious shortcomings in the existing research. Firstly, the
diversity of different ecosystems makes it difficult to establish a
unified indicator system to evaluate all ecosystems (Yan et al,
2020). Secondly, ecological health assessment based on landscape
pattern index is scale-dependent, but most studies fail to clarify the
appropriate spatial granularity of landscape index calculation (Su
et al, 2020). Additionally, in the regional ecosystem health
assessment, a single-scale assessment of city, province (city, county)
region, watershed, and other ecosystems is mainly used, while a
multiscale assessment is rare. In terms of the study area, the
assessment of watershed ecosystem health in the ecologically fragile
regions is still insufficient.

In this taking the
region—Dianchi Lake basin as the study area, we used the VOR

study, typical ecologically fragile

model to determine the optimal size of a landscape pattern index to
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evaluate the distribution of ecosystem health index variables at three
spatial levels: quadrat, ecological, and administrative scale. The aim
was to deepen the understanding of ecosystem health assessment by
examining the following related issues: 1) How does the landscape
pattern index alter when grain size changes? 2) Are there any
differences in ecosystem health status at different scales in the
study area using the VOR model based on landscape pattern
index? 3) Which scale is the most suitable scale for watershed
ecosystem health assessment? Thus, it provides a scientific basis for
making regional resource and environment management decisions
and sustainable development strategies in the plateau lake basin.

2 Material and methods
2.1 Research case

Dianchi Lake basin, located in Yunnan-Guizhou Plateau in
western China, is a typical plateau basin with remarkable ecological
sensitivity and vulnerability (Zhang H. et al., 2013a). Specifically, it has
a subtropical monsoon humid climate with an annual temperature of
15°C and an average annual rainfall of 935 mm. The whole Dianchi
Lake basin is within the administrative area of Kunming city, covering
an area of about 2909.41 km®. It is made up of nine county-level
administrative districts, including the main metropolitan region of
Kunming: Wuhua, Guandu, Panlong, Xishan, and Chenggong (Zhao
et al., 2012; Zhang H. et al,, 2013a) (Figure 1). As the economic,
political and cultural core of Yunnan Province, the Dianchi Lake basin
only accounts for 14% of Kunming’s land area, but it has 52% of this
city’s population and 70% of its economic aggregate (Li et al., 2012;
Wang et al., 2020). The economic development of the whole basin is
closely related to the economic development of Kunming city. The
land use types of Dianchi Lake basin are complex and diverse,
including farmland, forest land, grassland, water and built-up land,
of which 27% are farmland, 26% are built-up land, and 11% are water
and wetland (Table 1).

However, the development intensity of Dianchi Lake basin is more
than 15%, and available land and water resources are limited and
scarce, with low environmental capacity (Wang et al., 2020). As the
region with the highest degree of urbanization in Yunnan Province, it
cannot ignore the realistic damage and potential threat caused by
urbanization to watershed ecosystem health (Xu, 2011). Since the
1980s, rapid urbanization of Kunming city has caused serious
disturbance and damage to the natural hydrological cycle of
Dianchi Lake
degradation of river ecosystem function, water pollution, especially

basin, mainly in the following aspects: the
the increasingly serious eutrophication of Dianchi Lake water, the
reduction of ecological land area, serious soil and water loss, and the
sharp decrease of the density and curvature of major rivers (Lei and
Xu., 2018). At present, the urbanization process has a very prominent
impact on the Dianchi Lake basin, especially the water environment
deterioration and eutrophication in Dianchi Lake that has threatened
the ecosystem health status of the whole basin and restricted the
sustainable development of the lakeside social economy (Xu, 2011; Xie
et al,, 2015). Therefore, Dianchi Lake basin has highly urgent and
representative in regional development, outstanding ecological
vulnerability, rapid urbanization, and dramatic land-use/land-cover
change, which can offer practical guiding significance for multiscale
ecosystem health assessment (Lei and Xu., 2018).
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Map showing the geographical location and land use of Dianchi Lake basi
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TABLE 1 Area of different categories of land use in Dianchi Lake basin in 2018.

Farmland Forest land

Land use types

Land-use area (km?) 785.26 922.77

Area proportion (%) 27 32

2.2 Data source

The basic data of this study include the following. 1) Land use
data. We used Landsat TM/OLI remote sensing images (2018)
with a spatial resolution of 30 m. The images were taken on
cloudless days from February to March. On this basis,
according to the national standard Classification of Land Use
Status, the landscape types of the study area were divided into six
categories: forest land, farmland, water, grassland, built-up land
and unused land. These classification results were further
corrected by manual visual interpretation using background
data from field investigations. Finally, it ensures that the Kappa
coefficient of classification results is greater than 85%, which
meets the application accuracy requirements. 2) DEM data with
resolution of 30 m. All these data were downloaded from the
geospatial data cloud (www.gscloud.cn). All spatial data were
processed and mapped using ENVI (version 5.1) and ArcGIS
(version 10.2) software.
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Grassland Built-up land Water Unused land
59.00 768.17 306.61 67.60
2 26 11 2
2.3 Methods

The purpose of this study was to determine the appropriate scale
for ecosystem health assessment in Dianchi Lake basin based on
landscape pattern index and VOR model. Three steps are included
in this study. The first was to ensure the appropriate grain size for the
landscape pattern index. The second was to evaluate ecosystem health
at different scales based on VOR model. The third was to compare and
identify the most appropriate evaluation scale based on the results of
multiscale assessment. The specific technology roadmap was shown in
Figure 2.

2.3.1 Selection of landscape metrics and suitable
space granularity

The landscape pattern is the spatial arrangement and structural
composition of landscape elements in a region (Xiao et al., 2003).
Landscape index can effectively and comprehensively reflect landscape
pattern, such as landscape structure, landscape diversity, spatial
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Technology roadmap of this study.

TABLE 2 Landscape metrics used in this study.

Landscape metrics Abbreviation  Explanation

Mean Patch Shape Index SHAPE-MN Mean patch shape index can directly represent the complexity of shape

Mean Patch Fractal Dimension = FRAC-MN This indicator is based on the fractal dimension of each patch, which is related to the circumference and area of the patch. The
higher the FRAC-MN value, the more complex the patch shape

Shape Coefficient of Variation =~ SHAPE-CV The index of shape regularity of each patch in landscape

Patch Richness PR Number of landscape types

Shannon’s Evenness Index SHEIL SHEI values range from 0 to 1. When SHEI value is small, dominance degree is generally high, which can reflect that landscape
is dominated by one or a few dominant patch types. When SHEI approaches 1, the dominance degree is low, indicating that
there are no obvious dominant patches in the landscape, and each patch type is evenly distributed in the landscape

Landscape Shape Index LSI The LSI value is greater than or equal to 1 and has an upper limit. LSI reflects the shape changes of the landscape. A larger value
indicates that the shape is more complex and irregular

Contagion Index CONTAG The CONTAG value ranges from 0 to 100. This indicator describes the degree of agglomeration or extension of different patch
types in a landscape. Theoretically, a small CONTAG value indicates that there are many small patches in the landscape. When
it approaches 100, it indicates that there are dominant patch types with high connectivity in the landscape

Patch Cohesion Index COHESION The physical connectedness of the focal patch type. COHESION approaches 0 as the proportion of the landscape comprised of
the focal class decreases and becomes increasingly subdivided and less physically connected

Aggregation Index Al The degree of aggregation of cells of the focal class

Shannon’s Diversity Index SHDI It is an index of complexity and variability of various patch types in landscape
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heterogeneity and fragmentation (Wu, 2004; Mairota et al., 2013;
Chefaoui, 2014). Therefore, in this study, based on previous studies
(Zhang L. L. et al., 2013b; Zhang Q. et al., 2020; Hou et al., 2020), nine
landscape indices (LPIs) were selected to analyze the landscape pattern
and the grain change of LPIs in Dianchi Lake basin (Table 2). Based on
the land use/cover data, FRAGSTATS 4.2 software was used to
calculate selected landscape indices.

Spatial granularity is the area, volume and length of features
represented by the smallest identifiable units in the landscape (Su
etal., 2020). In landscape ecology, the study of ecological health based
on landscape pattern is scale dependent (Wu et al., 2002). When the
spatial granularity of landscape analysis changes, the characteristics of
ecosystem will change accordingly. Therefore, the selection of
appropriate spatial granularity is the premise of regional ecosystem
health assessment and can ensure the accuracy of the results (Ma et al.,
2018; Su et al, 2020). This study adopted the traditional spatial
granularity selection method, that was, the changing trend of
different spatial
granularity is analyzed to select the appropriate spatial granularity
(Zhang L. L. et al,, 2013b; Ji et al,, 2013; Ma et al., 2018). First, the
landscape types of Dianchi Lake basin were divided into grid images

multiple landscape pattern indices under

by albers coordinate projection method. Second, we used the nearest
method in ArcGIS 10.2 to re-sample at 90, 150, 210, 270, 330, and
390 m for assessing granularity.

2.3.2 The division of multiscale space

Referring to the existing relevant studies (Ma et al., 2018), this
study divided the regional ecosystem into three different spatial scales,
which were quadrat scale, ecological scale, and administrative scale.
Each spatial scale is composed of different numbers of basic units. The
units of these three scales are quadrat unit, ecological unit, and
administrative unit, respectively.

(1) Quadrat scale. The study area was divided into different plots by
setting different size quadrat and the ecosystem health index of
different plots was calculated. In this scale, ecosystem health
calculation is based on a single quadrat, so the size of quadrat
must affect the spatial distribution of ecosystem health. In order to
analyze and verify this problem, this study divided different sizes
of quadrat units and analyzed the trend of ecosystem health
changes at different quadrat sizes. The quadrat sizes were
divided into 5km x 5km, 10km x 10km, 15km x 15km,
and 20km x 20km respectively. And the most suitable
quadrat size for ecosystem health assessment of Dianchi Lake
basin was selected by comparison and evaluation.

(2) Ecological scale. The integrity of the structure and process of
natural elements in the evaluation unit can be guaranteed by the
boundary of natural surfaces such as watersheds (Peng et al,
2007). This paper used the hydrological analysis function of
ArcGIS10.2
relatively complete structure and ecological elements through

software to extract the sub-watersheds with
the catchment area of the basin, which are regarded as the
evaluation ecological units to assess and characterize the
ecosystem health. The designed flow rate of this study
was >25000. Finally, 51 ecological
watersheds, were obtained for ecosystem health evaluation of

units, namely sub-

Dianchi Lake basin on the ecological scale.

(3) Administrative scale. According to the administrative boundary of
the region, the study area was divided into administrative units,
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and the ecosystem health values of each administrative unit were
calculated and spatially characterized as a whole. The evaluation
on the administrative scale is helpful to understand the situation
of each administrative region and is conducive to decision-makers
to formulate a variety of policies to deal with ecological risks (Peng
et al, 2007). The study region was divided into eight
administrative units based on the municipal districts and
counties under the administration of Kunming city within the
scope of the study.

2.3.3 Multiscale assessment of ecosystem health
2.3.3.1 VOR model

In this study, the VOR model was used to evaluate ecosystem
health at quadrat, administrative and ecological scales. The VOR
model includes three factors: ecosystem vitality, ecosystem
organization and ecosystem resilience (Costanza et al.,, 1997; Yuan
etal, 2019). In detail, vitality can be defined as the power and nutrient
cycling capacity of an ecosystem. Organization refers to the diversity of
ecosystem composition and approaches, which is the foundation of
vitality, resilience and service function. Resilience represents the ability
of an ecosystem to keep the stability of its structure and pattern or
restore its original health status under external disturbance (Fang
et al., 2012). Based on the VOR model, the calculation formula (1) of

ecosystem health index is as follows:

EHI, = V,‘O,’Ri (1)

In the formula, EHI; is the ecosystem health index of the
evaluation unit 4 V; is the ecosystem vitality index of the
evaluation unit i, equal to the value of NDVTI of the evaluation unit
i; O; is the ecosystem organization index of the evaluation unit i R; is
the ecosystem resilience index of the evaluation unit i.

O; is calculated by the following formula (2):

0O; = Z:;lwi x X' (2)

Where O; is the ecosystem organization index of the evaluation unit ;
n represents the number of indicators representing O;; X; is the
standardized value of X;; W; is the weight of the indicator i.

R; is calculated by the following formula (3):

R,‘ :D,'ZS,' XR: (3)

Where R; is the ecosystem resilience index of the evaluation unit i,
namely comprehensive resilience index; s; is the area of land use type i;
R; is the resilience value of land use type i; D; is Shannon’s Diversity
index of the evaluation unit i. Table 3 showed the resilience value of six
land use types in the Dianchi Lake basin.

2.3.3.2 Determination of assessment indices and index
weight

To make the selected index system reflect the health status of
watershed ecosystem more completely and accurately, there are three
principles for selecting indicators from the landscape pattern index. 1)
Rationality. The selected indexes have integrity and spatial scale
suitability. That is, informative and comprehensive indicators,
which can explain the interrelation and influence within the basin
ecosystem; The index should also consider the spatial size of the
evaluation object, which is suitable for the spatial scale of the
watershed evaluation. 2) Accessibility. The selected indicators are
and have

simple and operable, strong comparability. The
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TABLE 3 Resilience value of land use types in Dianchi Lake basin.

Farmland Forest land

Grassland

10.3389/fenvs.2023.1076344

Unused land

Land use types

Resilience value 0.5 0.9

TABLE 4 Ecosystem health evaluation index and its weights in Dianchi Lake basin.

Target layer

Element layer Weight

Built-up land

0.7 0.4 0.9 0.0

Indicator layer Weight Property of indicator

Basin ecosystem health index Vitality 0.2014 Normalized difference vegetation index (NDVI) 0.2014 Positive
Organization 0.6796 Forest Coverage rate 0.0840 Positive
SHDI 0.2208 Positive
COHESION 0.2244 Positive
CONTAG 0.0694 Positive
Interspersion and Juxtaposition index (IJI) 0.0810 Positive
Resilience 0.1190 Comprehensive resilience index 0.1190 Positive
parameters are easy to obtain, easy to calculate and analyze. 3) E= Z;W" x X,/ ®)

Representativeness. It can be identified and reflect the essential
characteristics of Dianchi Lake basin.

Following the above principles, and combining with the existed
literature (Fang et al., 2012; Yan et al., 2020), we set and screened
the indicators of ecosystem health evaluation based on the VOR
model and the landscape pattern index in Dianchi Lake basin, and
the results were shown in Table 4. Specifically, the vitality index can
be represented by the first potential productivity of organisms. The
organization index can select Shannon’s diversity index, Shannon’s
evenness index, Contagion index, and Interspersion and
Juxtaposition index from two aspects of landscape level and
patch type level. The resilience index can be represented by the
comprehensive resilience index (Costanza et al., 1997; Yuan et al.,
2019) (Table 4).

The weight of each index was calculated using the entropy

approach. Table 4 showed the weighted results of the indices.

2.3.3.3 Standardization of assessment indices

Because the units of each evaluation index are different, it is
necessary to standardize the evaluation index. We use formula (4) to
standardize the data and eliminate the influence of dimension,
amplitude and positive directions. In this way, all the index values
will be ranged in [0,1]. The formula (4) is as follows:

(Xi -X min)

(X max — Xmin) (4)

Positive indicator: X; =

Where X; denotes the value of index i X ,,ux and X, is the

maximum and minimum value of index i, respectively; X; denotes the
standardized value of indicator i.

2.3.3.4 Comprehensive evaluation of ecosystem health

Ecosystem health assessment is an indicator measuring the degree
of ecological health, and its value is between 0 and 1. The standardized
index value and index weight are brought into the comprehensive
evaluation model (formula (5)).

Frontiers in Environmental Science

In the formula, E is comprehensive level of ecosystem health; W is
weight of the indicator i; X; is the standardized value of indicator i; n
represents the number of indicators.

2.3.3.5 Classification standard of ecosystem health

At present, there is no unified classification standard of ecosystem
health. Based on the results of ecosystem health research (Sheng et al.,
2011) and the current situation of the Dianchi Lake basin, the
comprehensive ecosystem health index was divided into 5 classes
from high to low by using the equal-discontinuous method. Each level
was assigned with different ecosystem health index value range and
ecosystem characteristics. Specifically, the value ranges are level |
superiorly healthy (>0.8), level Il healthy (0.6-0.8), level Il sub-
healthy (0.4-0.6), level IV unhealthy (0.2-0.4), and level V disease
(0.2-0). The classification standard of watershed ecosystem health
status is shown in Table 5.

3 Results
3.1 Selection of suitable space granularity

As the grain size increased, the values of landscape pattern indices
changed and showed different trends, which indicated that landscape
pattern indices were affected by the change of spatial grain size to a
certain extent (Table 6). Compared with SHAPE-CV and LSI, other
landscape pattern indices varied more slightly. SHAPE-CV and LSI
changed obviously and fluctuated greatly, indicating the existence of
particle size effect. The reason was that with the increase of spatial
grain size, smaller plaques merged into peripheral plaques, which led
to the rapid reduction of small plaques, and the reduction of small
plaques led to the regularity of plaque shape, which was manifested as
the decrease of LSI and the fluctuation of SHAPE-CV. When the
spatial grain size was 150 m, the two landscape pattern indices,
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TABLE 5 Classification of comprehensive ecosystem health.

Classification Comprehensive index

Characteristics of watershed ecosystem

standard value

Superiorly healthy | 1.0-0.8 The landscape of the watershed remains in good condition, and the ecosystem functions are
very perfect with strong systemic vitality. The ecological structure is very reasonable and stable,
with strong natural resilience and little influence from human activities

Healthy 1l 0.8-0.6 The landscape of the watershed remains in the natural state, and the ecosystem functions are
perfect and has strong system vitality. The ecological structure is reasonable and the natural
resilience is strong, which is less affected by human activities

Sub-healthy 1 0.6-0.4 The landscape of the watershed is changed to some extent, and the ecosystem plays its basic
ecological function and has certain system vitality. The ecological structure is complete, the
natural resilience is normal, and the ecosystem is greatly affected by human activities

Unhealthy I\ 0.4-0.2 The landscape of the watershed is destroyed; the ecosystem structure is missing and
incomplete; the vitality is low; the ecosystem is unstable

Disease \% 0.2-0 The landscape of the watershed is destroyed completely; the ecosystem structure is seriously
missing and incomplete; the vitality is very low; the ecosystem is seriously deteriorated

TABLE 6 Change of landscape pattern indices at different spatial grains in Dianchi Lake basin.

Space granularity(m) SHAPE-MN FRAC-MN SHAPE-CV LSI Contag Cohesion Al
90 1.23 1.03 64.72 6.00 0.82 77.00 37.33 98.67 74.98 1.47
150 1.25 1.03 67.90 6.00 0.80 47.82 38.38 98.14 74.51 1.44
210 1.26 1.03 67.93 6.00 0.79 35.03 39.00 97.78 74.20 1.41
270 1.28 1.03 68.73 6.00 0.78 2827 39.32 97.27 73.62 1.40
330 1.29 1.03 65.26 6.00 077 2357 39.53 96.88 73.42 138
390 1.31 1.03 65.41 6.00 077 20.39 39.89 96.12 7322 1.37

SHAPE-CV and LSI, fluctuated obviously. Therefore, 150 m was
chosen as the appropriate spatial grain size for this study.

3.2 Characteristics of ecosystem health at
different scales

3.2.1 Quadrat scale

At four quadrat scales (5km x 5km, 10 km x 10 km, 15 km X
15 km, and 20 km x 20 km), the ecosystem health values of the study
region were spatially represented (Figure 3). The results of ecosystem
health distribution at four quadrat scales showed that with the increase
of quadrat units, the overall patch shape tended to be simple, the loss
of ecosystem health information was serious, and the precision of
ecosystem health representation decreased. Because the characteristics
of ecosystem health at the 10 km x 10 km quadrat scale were more
detailed, and the integrity of ecosystem was higher than that at the
5km x 5km quadrat scale and other quadrat scales, the spatial
differentiation analysis was carried out at this scale (Figure 3).

At the quadrat scale (10 km x 10 km), the areas of healthy, sub-
healthy and unhealthy were 1308.50 km?, 1499.21 km® and 99.38 km’,
accounting for 45.01%, 51.57% and 3.42% of the total area of Dianchi
Lake basin, respectively (Figure 3). The average value of ecosystem
health was 0.5466 on this scale, which indicated that it was in the sub-
health state. In the study area, the unhealthy regions were mainly
distributed in the central part of the Dianchi Lake basin, that was,
Dianchi Lake and lakeside areas with high urbanization level. While
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the sub-healthy and healthy regions were mainly located in the
mountainous regions with high forest coverage in the north and
south. From the perspective of the whole basin, the spatial
distribution of health index showed that the value of health index
gradually increased from the Dianchi Lake as the center to the
surrounding lakeside and mountain areas.

3.2.2 Ecological scale

At the ecological scale (51 sub-watersheds), the areas of healthy,
sub-healthy and unhealthy were 873.90 km? 1 843.35km’ and
192.38 km?, accounting for 30.03%, 63.35% and 6.62% of the total
area of Dianchi Lake basin, respectively (Figure 4A). The average value
of ecosystem health was 0.4977 on this scale, indicating that it was in
the sub-health state. As shown in Figure 4A, the healthy areas in the
study area were mainly distributed in the northern and southern edge
areas of the Dianchi Lake basin, which were also areas with low
urbanization level and low human disturbance degree. The sub-
healthy areas were concentrated in the middle of the basin. The
unhealthy area formed four landscape patches, two of which were
distributed in the north of Dianchi Lake basin that was the main urban
area of Kunming city.

3.2.3 Administrative scale

At the administrative scale (8 units of administrative district), the
areas of healthy, sub-healthy and unhealthy were 1102.49 km?
1 772.62km? and 8.81 km?, accounting for 38.23%, 61.47%, and
0.30% of the total area of Dianchi Lake basin, respectively
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FIGURE 3

Ecosystem health in Dianchi Lake basin at four quadrat scales.

(Figure 4B). The average value of ecosystem health was 0.5373 on this
scale, indicating that it was in the sub-health state. As shown in
Figure 4B, the healthy areas in the study area were mainly distributed
in two administrative regions in the south of Dianchi Lake
region—Jinning District with low urbanization level and Xishan
District with high forest coverage rate. The sub-healthy areas were
mainly concentrated in Wuhua District, Chenggong District, Guandu
District, Panlong District and Songming District with high
urbanization level in the middle and north of Dianchi Lake basin.
The unhealthy area formed a landscape patch, which was located in
Fuming District on the northern margin of Dianchi Lake basin.
Overall, the distribution characteristics of health index showed that
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the ecosystem health status of the southern region of the Dianchi Lake
basin was better than that of the northern region.

3.3 Comparative analysis of multiscale
ecosystem health assessment

The results of multiscale ecosystem health assessment are shown
in Table 7. There were differences in ecosystem health index values,
health level and area at three different scales in Dianchi Lake basin,
and the order of ecosystem health index was as follows: quadrat scale >
administrative scale > ecological scale (Table 7).

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2023.1076344

Lei et al. 10.3389/fenvs.2023.1076344

A ecological scale N B  administrative scale

A Fumi;

0 5 10km

— Rivers

- Unhealthy
- Sub-healthy
- Healthy

FIGURE 4
Ecosystem health in Dianchi Lake basin at ecological scale and administrative scale.

TABLE 7 Ecosystem health area and its proportion at different scales.

Scale Health level Area (km?) Area ratio (%) Mean of overall health status
Quadrat scale Superiorly healthy 0 0 0.5466
Healthy 1308.50 40.01
Sub-healthy 1499.21 51.57
Unhealthy 99.38 3.42
Disease 0 0
Ecological scale Superiorly healthy 0 0 0.4977
Healthy 873.90 30.03
Sub-healthy 1843.35 63.35
Unhealthy 192.38 6.62
Disease 0 0
Administrative scale Superiorly healthy 0 0 0.5373
Healthy 1102.69 38.23
Sub-healthy 1772.62 61.47
Unhealthy 8.81 0.30
Disease 0 0

The overlay analysis of ecosystem health results at three scales  grades, and the overlap area of sub-healthy accounted for the largest
(Table 8) showed that: 1) For the quadrat scale and administrative ~ proportion (29.61%). 2) For the quadrat scale and ecological scale,
scale, there were two overlapping regions of healthy and sub-healthy ~ there were three overlapping regions of healthy, sub-healthy and
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TABLE 8 Proportion of overlay area of ecosystem health at different scales (%).

10.3389/fenvs.2023.1076344

Overlay of different scales Health level
Superiorly healthy Healthy Sub-healthy Unhealthy Disease
Quadrat scale x Ecological scale 0 20.39 38.26 1.51 0 60.16
Administrative scale x Quadrat scale 0 16.42 29.61 0 0 46.03
Administrative scale x Ecological scale 0 15.13 43.03 0 0 58.16
Administrative scale x Ecological scale x Quadrat scale 0 10.67 23.92 0 0 34.59

unhealthy grades, and the overlap area of sub-healthy accounted for
the largest proportion (38.26%). 3) For the administrative scale and
ecological scale, there were two overlapping regions of healthy and
sub-healthy grades, and the overlap area of sub-healthy accounted for
the largest proportion (43.03%). 4) For the three scales, there were two
overlapping regions of healthy and sub-healthy grades, with the total
overlapped area accounting for 34.59%.

Table 8 further showed that, the overlap area of ecological health
regions at the ecological scale and quadrat scale was the largest based
on the overlapping results of ecological health regions at all levels,
which was 60.16%. The mean values of the overall ecosystem health of
these two scales were in the range of 0.4-0.6, with the most similar
health evaluation results. Although it was easy to control the accuracy
of ecological health analysis by dividing ecological health regions with
quadrat scale, its disadvantage was that it could not ensure the
ecological integrity of the study region, especially for the plateau
watershed with a high degree of terrain fragmentation. On the
contrary, taking the sub-watershed as the evaluation unit could
ensure the ecosystem integrity of the study area to the greatest
extent. Therefore, it was more reasonable to use the ecological scale
than the quadrat scale to analyze the ecosystem health in this
study area.

4 Discussion

4.1 Evaluation index system based on
landscape pattern index

Establishing an adequate index system is the basis and key to
evaluating ecosystem health objectively and accurately. However,
there is no universally adopted index system in ecosystem health
assessment (Yang et al., 2017). The main reasons are as follows. Firstly,
the establishment of the index system involves many subjects, and it is
necessary to have enough understanding of the evaluation system.
Secondly, different indicators should be selected to evaluate ecosystem
health at different scales for different types of ecosystems. Therefore, it
is impossible to generalize the index system for evaluating ecosystem
health (Gao et al, 2010). Comprehensively considering the actual
situation of land use in the Dianchi Lake basin, this study used the
landscape pattern theory of landscape ecology to understand the
ecosystem health of the basin and constructed the ecosystem health
evaluation index system consisting of ecosystem vitality, organization
and resilience. The evaluation results of the three scales coincided well,
which verified the scientific and operational nature of this evaluation
system. The evaluation index system constructed in this study enriches
the existing technical method system of ecosystem health evaluation.
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Some studies also believe that the landscape pattern index
quantitatively describes the quantity and pattern of land cover and
the morphological structure of surface vegetation, which can reflect
the impact of human activities on watershed ecosystem health and is
an appropriate indicator for watershed ecosystem health evaluation
(Xiao et al, 2003). Because the regional ecosystem is composed of
multiple landscapes, the ecosystem service function of the region is
maintained dynamically by landscape structure and function, and the
different adjacent relationships will inevitably affect the service
function. Accordingly, landscape pattern plays an important role in
ecosystem health, and landscape pattern index can be used as a
suitable indicator for regional ecosystem health assessment (Ren
et al, 2000; Fang et al, 2012). In addition, some studies also
consider other indicators for ecosystem health assessment (Gao
et al,, 2010). For example, Gao et al. (2010) chose the landscape
pattern index but also selected social and economic statistics data and
ecological and environmental factors data from surface monitoring to
construct an indicator system of ecosystem health evaluation.

4.2 The suitable scale of ecosystem health
assessment

There are three kinds of evaluation units for ecosystem health
assessment. Firstly, the spatial grid is taken as the evaluation unit
(Jiang et al., 2021). Its advantage is that regional spatial differences can
be expressed in more detail, while its disadvantage is that the spatial
resolutions of multi-source data are mostly different, and data
resampling operation is required to obtain the same spatial
resolution (Jiang et al., 2021). Secondly, as an evaluation unit, the
administrative unit is more common and widely-used (Lu et al., 2010).
Since the monitoring projects and data statistics of China’s social
economy, environment, forestry, agriculture, water conservancy and
other departments are conducted based on administrative units, the
selection of administrative areas for evaluation units will facilitate data
acquisition, ensure the integrity of the evaluated ecosystem, and
promote the application of evaluation results (Gao et al, 2010).
Lastly, the sub-watershed is taken as the evaluation unit (Wu et al,
2015; Ma et al., 2019). The sub-watershed is a complete geomorphic
unit with ecological integrity and can reduce the interference of some
overly detailed information (Xie et al., 2015).

The results of this study indicated that the most suitable scale for
evaluating ecosystem health in the plateau lake basin was the
ecological scale, that is, the sub-watershed was the evaluation unit.
This is consistent with the research of some scholars (Luo et al., 2003).
For example, Luo et al. (2003) also believed that the study of watershed
ecosystem health should take into special consideration the drainage
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system of the watershed. Due to the continuous characteristics of
rivers, the health damage of tributaries often affects the health of the
mainstream and even the whole watershed. Therefore, the continuity
and integrity of tributaries should be fully considered when selecting
the scale of watershed ecosystem health research (Luo et al., 2003).

4.3 Applicability of VOR model

The results of this study showed that using the VOR model is a
good way to evaluating the ecosystem health status of the Dianchi Lake
basin: at the quadrat, administrative and ecological scales, the spatial
distribution of the comprehensive evaluation results of ecosystem
health are relatively consistent, and the overall evaluation results are
relatively similar. However, in this study, the ecosystem health
evaluation index system based on the VOR model highlighted the
characteristics of the natural ecosystem of the watershed and ignored
the urbanization pressure and social and economic development
pressure of the watershed as a typical socio-economic-natural
complex ecosystem.

In the future, to further study the ecological health of watershed, the
main exploration contents are: 1) To build a new interdisciplinary and
multiscale health research framework, collect data by “3S” technology,
and update the health indicators timely; 2) The evaluation units are
classified according to the main driving forces affecting the ecological
process of sub-watershed units, and then the evaluation index system is
set up by zoning classification. Additionally, the connotation, evaluation
process and application of watershed ecosystem health have not been
unified, and need to be further analyzed and discussed.

5 Conclusion

Based on the landscape pattern index, this study constructed a
VOR model to evaluate the ecosystem health of the Dianchi Lake basin
from three spatial scales of quadrat, ecological and administrative, and
determined the appropriate spatial scale for ecological health
evaluation. The conclusions were as follows.

(1) According to the change characteristics of landscape pattern indices
with grain size change, the appropriate spatial grain size to calculate
landscape pattern indices in Dianchi Lake basin is 150 m.

(2) The ecosystem health status at quadrat scale, ecological scale and

administrative scale are all sub-health, but there are differences in

ecosystem health index and healthy area proportion. There are
overlapping areas among these three scales, but the overlap area
between the quadrat scale and the ecological scale is the largest,

accounting for 60.16%.
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