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A B S T R A C T   

Monitoring and evaluating ecological quality and changes are crucial for policy formulation to guide ecosystem 
management and socioeconomic sustainable development. However, evaluation of ecological quality is still very 
challenging due to difficulties in determination of its associated indicators and weights. This paper proposes 
supporting, providing and regulating ecosystems services-based indicators to describe ecological quality, and 
applies a Projection Pursuit Model to eliminate redundant indicators and objectively determine weights for an 
ecological quality index (EQI) on a regional scale. Taking Jiangxi Province, China, as a demonstration area, the 
data for indicator measures were retrieved from satellite remote sensing and ecosystem modelling with a spatial 
resolution of 1 km for the three years 2005, 2010 and 2015. The results suggest that Normalized Difference 
Vegetation Index (NDVI) and water use efficiency (WUE) should be weighed higher and leaf area index (LAI) and 
Bowen ratio should be weighed lowest in the calculation of an EQI for Jiangxi Province. For 2015, the regional 
EQI was calculated to be 55.32 on a scale from 0 as the worst to 100 as the best, with higher values ascribed to 
the hills and mountains and the lower values existing near urban areas. The EQI increased from 52.26 in 2005 to 
55.32 in 2015 with an increased area of good-and-above grade from 25.47% to 36.8% for the whole province. 
The changes in EQI could be attributed to a warmer and wetter climate trend playing a positive dominant effect, 
while urbanization and afforestation have negative and positive effects, respectively. This study demonstrates 
that it is feasible to evaluate ecological quality based on a comprehensive set of indicators and PPM-based weight 
determination, which could be further applied in regular ecological quality monitoring and evaluation on the 
regional, or even the national scale.   

1. Introduction 

Globally, most ecosystems’ quality is decreasing because of the 
considerable pressures arising from a growing population and economic 
development (Fang, 2009; Yin et al., 2017; Zhao et al., 2016). This is 
recognized as a serious threat to sustainable development (Bai et al., 
2009; Pimentel et al., 1976; Yin et al., 2017). Therefore, to monitor and 
evaluate ecological quality and change are crucial for policy formulation 
regarding ecosystem management and socioeconomic sustainable 
development. 

It is of great importance to identify spatial distribution and changes 
in ecological quality. However, evaluation is still very challenging due to 

difficulties in determination of associated indicators and weights of 
those indicators, even though various evaluation methodologies have 
been developed and applied in the past. For example, the ecological 
footprint (Chen et al., 2021; Sarkodie, 2021; Vačkář, 2012) and the 
pressure-state-response methods (Das et al., 2020; Hazbavi et al., 2020) 
both aim to evaluate eco-environmental sustainability, but these 
methods are mostly focused on human stressors. Remote sensing-based 
evaluations generally use several indicators linked to physical aspects of 
ecosystems; for example, land use changes and the normalized differ
ence vegetation index (NDVI) (Alatorre et al., 2016; Ghosh and Maiti, 
2021), vegetation coverage (Feng et al., 2021), and net primary pro
ductivity of vegetation (McClelland et al., 2021). Remote sensing-based, 
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ecological quality indices have been widely applied to evaluate 
ecological quality (Hu and Xu, 2018; Nourani et al., 2021; Song and Xue, 
2016); however, there are few studies that consider ecosystem services 
functions as indicators in ecological quality evaluation. In an effort to 
monitor and evaluate ecological quality on a national scale, Wang et al. 
(2019) suggested a framework to evaluate ecological quality through a 
comprehensive indicator system including eco-environmental factors, 
ecosystem service functions and biodiversity. However, its performance 
has not been demonstrated in practice until now. 

Ecosystem service functions are the benefits that ecosystems 
generate through ecological function for society (Daily, 1997; Holdren 
and Ehrlich, 1974; MA, 2005), widely applied in ecosystem assessments 
in terms of the condition and trend of ecosystems in both monetary 
values and biophysical quantity (MA, 2005; Ouyang et al., 2020; Tra
bucchi et al., 2012; Zheng et al., 2019b). For example, Paetzold et al. 
(2010) proposed to assess ecological quality by observing the ratio of 
sustained provision to expected provision from ecosystem services. 
Ecosystem services were summarized as four types: supporting, 
providing, regulating, and cultural functions (MA, 2005). Therefore, the 
first three service-based ecosystem functions form an easily under
standable and practical set of indicators to describe ecological quality, 
while excluding cultural functions due to unavailability of data of pixel 
scale. 

Biodiversity, as an important fundament in ecosystem function and 
the provision of ecosystem services (Brockerhoff et al., 2017), is 
considered in assessing ecological quality at the habitat scale (Niu et al., 
2021) and at the county scale (State Council Information Office, 2021). 
However, due to the unavailability of spatial distribution data for spe
cies biodiversity, vegetation condition data, such as a vegetation index 
from remote sensing, has mostly been applied to quantify biodiversity 
on the regional or national scale (Fan et al., 2019; Sahraoui et al., 2021). 
This suggests that remote sensing-based vegetation indices can only be a 
potential indicator to quantify biodiversity on the regional or national 
scale. 

Many methods have been applied in ecosystem assessments or 
evaluations and can be characterized as mostly incorporating subjective 
weighting determination (Liu et al., 2019; Wang and Yang, 2020; Wen 
et al., 2021). Methods used include principal component analysis (Zitko, 
1994), analytic hierarchy process (Saaty, 1987), fuzzy comprehensive 
evaluation (Zheng et al., 2019a), etc. Projection pursuit modeling 
(PPM), used in the research reported here, projects high-dimensional 
data into a low-dimensional space and finds the optimum projection 
vector of data in one-dimension that can highlight the original high- 
dimensional data features to the greatest extent (Friedman and Tukey, 
1974; Liu et al., 2017) and has been widely applied in many fields (Hu, 
2018; Liu et al., 2019; Wang and Yang, 2020). PPM is relatively sensitive 
to change in each data indicator, and evaluative outcomes are deter
mined by comparing the magnitude of the projection values, which is 
considered to overcome the shortcomings of traditional assessment 
methods, where the evaluation weight is too subjective and the contri
bution and its negative or positive direction of indices to the total 
objective is unclear (Fang et al., 2010; Liu et al., 2019). Meanwhile, PPM 
has the advantageous qualities of robustness, anti-interference, strong 
operability, and high accuracy (Deng et al., 2013; Jiang et al., 2011; Li, 
1997). By avoiding the interference associated with subjective factors, a 
projection pursuit model will provide objective and reasonable results 
(Liu et al., 2019), which would make this method of great value for 
application in ecological quality evaluation. 

Jiangxi, a province in southeastern China, has initiated many 
ecological programs since the 1980 s to restore degraded ecosystems 
(Huang et al., 2010; Le, 2020). Comparing the 8th National Forest In
ventory in 2009 to 2013, to the 9th Inventory in 2014 to 2018 shows that 
Jiangxi has increased its forest area by 1.92%, its volume stock by 
24.06%, and its plantation area by 8.89% (NFGA, 2019). However, the 
tension between economic development and ecological-environmental 
protection is still prominent, which results in enormous pressure for 

ecological-environmental protection (Xu, 2017; Yu, 2016). Therefore, 
the current trend in Jiangxi’s ecological environment from degradation 
to restoration, as well as current pressure for socio-economic develop
ment, is also a microcosm of the ecological-environmental changes 
across China in the last 20 years (Lu et al., 2019). 

This study first explores a regional comprehensive multi-indicator- 
based ecological quality index based on the conceptual framework of 
regional ecological quality monitoring indicators suggested by Wang 
et al. (2019). Then the projection pursuit model (PPM) is applied to 
select indicators and determine their weights objectively based on the 
relationships among indicators. Through analyzing the spatial variation 
characteristics of ecological quality and possible causes, we evaluate the 
applicability and performance of the method for ecological quality 
evaluation on a regional scale. However, the final aim of this study is to 
provide a method to evaluate ecological quality on the regional and even 
national scale. 

2. Materials and methods 

2.1. Study area 

Jiangxi Province is located in southeast China (Fig. 1) with a 
geographic range from 24◦29′14′′N to 30◦4′41′′N 30◦04′41′′N and from 
113◦34′36′′ E to 118◦28′58′′ E, with an average elevation of 254.6 m 
above sea level. Its topography is characterized by hills and mountains 
in the eastern, western, and southern parts of the province; hills and 
valley plains dominate the middle of the province, and Poyang Lake 
Plain is in the north. Jiangxi Province has a subtropical, warm and 
humid monsoon climate, with an annual mean temperature of around 
20 ◦C and an annual total precipitation of around 1400 mm to 1800 mm 
(Ding et al., 2013). Most vegetation is subtropical evergreen broad- 
leaved forest, and the forest coverage proportion is over 63%, accord
ing to forest survey data. Land use and cover change maps, from remote 
sensing-based data, exist for 2005 and 2015 (Fig. 1, European Space 
Agency (ESA) Land Cover CCI v2.0.7(ESA, 2017)). As a province, 
located in the middle and lower reaches of the Yangtze River economic 
belt, it is important for Jiangxi Province ecosystems to provide stability 
in ecosystem services, including grain-production, conserving and 
regulating water, etc. (Yang et al., 2018; Yang et al., 2015; Yu et al., 
2010). 

The province has seen very fast economic growth. Its gross domestic 
product (GDP) increased by 10.5%, 2.2% higher than the whole country 
GDP in 2015, along with fast urbanization, according to the Jiangxi 
Statistical Yearbook (JPBS, 2015). In 2015, urban and construction 
areas increased by nearly 13.7 and 2.6 times, respectively, compared to 
2005 (Wu et al., 2015). The province has experienced a series of 
eco-environmental problems, such as land degradation, soil erosion, and 
the reduction of biodiversity (Liang et al., 2008); and has initiated a 
series of ecological programs to resolve problems since the 1980 s 
(Huang et al., 2010; Le, 2020). With a background of intense human 
activities along with global climatic changes, the evaluation of its 
ecological quality has very important implications for policy related to 
ecosystem protection and economic development, both with a sustain
ability emphasis. 

2.2. Methods 

2.2.1. Building of an integrated indicator system 
A conceptual framework has been suggested for monitoring ecolog

ical quality using biodiversity, ecosystem function, and environmental 
condition indicators, but specific indicators were not defined (Wang 
et al., 2019). This study proposes 11 potential indicators representing 
three ecosystem functions (Table 1), though the match between in
dicators and functions need further improvement due to different un
derstanding and interpretations of concepts, terminology and definition 
(La Notte et al., 2017). 
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These 11 indicators represent multiple attributes and processes of an 
ecosystem from its vegetation structure to photosynthesis and land 
surface energy process: 1) Normalized Difference Vegetation Index 
(NDVI), as a measure of vegetation greenness (Wang et al., 2021), is 
often used to scale species richness (Geller et al., 2017; Gillespie, 2005; 
Wang and Gamon, 2019; Wang et al., 2016), in part due to the well- 
known link between productivity and biodiversity (Oehri et al., 2017; 
Tilman et al., 2001; Zhang et al., 2012). Based upon the above, this study 
uses NDVI as an indicator to maintain biodiversity; 2) Fractional vege
tation coverage (FVC) is directly related to maintaining the fertility of 
soil by preventing erosion (Gu et al., 2018; Reicosky and Forcella, 1998; 
Tang et al., 2020); 3) Leaf area index (LAI) is often used to quantify plant 
photosynthesis production, evapotranspiration and the land surface 
energy exchange between ecosystem and atmosphere (Fang et al., 2019; 

Qu and Zhuang, 2018); Plant photosynthesis production is generally 
quantified by 4) gross (GPP); or 5) net (NPP) primary production, which 
are necessary for the maintenance of all other ecosystem services 
(Garland et al., 2021); 6) Net ecosystem production (NEP) is defined as 
the net budget of carbon fixation by photosynthesis and losses by 
autotrophic and heterotrophic respiration (Landsberg and Gower, 
1997). A NEP positive value implies an ecosystem acting as a sink of 
atmosphere CO2, by which ecosystems play a role in regulating global 
climate changes (Landsberg and Gower, 1997). 

Local climate is influenced by ecosystem changes and may be 
quantified by latent heat flux or evapotranspiration (ET), land surface 
temperature and so on (Anderson-Teixeira et al., 2012; Peng et al., 2014; 
Yue et al., 2019; Zhai and Tao, 2021; Zhu et al., 2016). Considering the 
closer relationship among photosynthesis, evapotranspiration and 

Fig. 1. The location of the study area, Jiangxi Province, China, and its land cover and land use changes from 2005 to 2015.  

Table 1 
The potential indicators, data processing and data sources used to evaluate the ecological quality of terrestrial ecosystems in Jiangxi Province, China.  

Theme Indicators Data processing Data sources 

Maintaining Function Normalized Difference Vegetation Index (NDVI) Savitzky-Golay Filter (SG Filtering) MOD09A1 
Fractional vegetation coverage (FVC) 
Leaf-area Index (LAI) 

Supporting function Gross Primary Productivity (GPP) GLOPEM-CEVSA (Wang, 2007) 
Net Primary Productivity (NPP) 

Regulating Function Net Ecosystem Productivity (NEP) GLOPEM-CEVSA (Wang, 2007) 
Water Use Efficiency (WUE) WUE = GPP/ET  (Liu et al., 2014) 
Ecosystem Water Storage Index (WSI) WSI = (P − ET)/GPP  
Moisture Index (IM) IM = 100× (P/PET − 1)
Bowen Ratio(β) β = (Rn − λE + G)/λE  (Cui, 2019) 
Land Surface Temperature (LST) Savitzky-Golay Filter (SG Filtering) MOD11A2 

Note: Rn, λE, G are the net radiative flux, latent heat flux (the product of latent heat exchange coefficient λ taken as 2.45 and actual evapotranspiration ET), and soil 
heat flux, respectively. P is precipitation, PET is potential evapotranspiration. 
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precipitation, the three indicators, 7) water use efficiency (WUE) (Kim 
et al., 2021), 8) water storage index (WSI) (Tian et al., 2018; Velicogna 
et al., 2015) and 9) moisture index (IM) (Zhao et al., 2019), are sug
gested as potential indicators in terms of hydrological regulation. 10) 
The Bowen ratio and 11) land surface temperature (LST) are important 
aspects of heat regulation (Anderson-Teixeira et al., 2012; Zhao et al., 
2021). Land use and land cover were not directly considered, but were 
indirectly quantified by the above indicators; for example, the algorithm 
of LAI data product generally uses biome type as a primary input 
(Knyazikhin et al., 1998). 

Therefore, these 11 potential indicators, shown in Table 1, cover 
most attributes of an ecosystem for evaluating ecological quality in a 
more holistic manner on the regional scale, though more indicators 
could be considered in local-scale studies as demonstrated by Hu et al. 
(2018). 

2.2.2. Indicators selection 
Selection of key features to include in assessments requires deter

mination of the most relevant contributors (Deisy et al., 2007). If a 
feature is redundant with other features, this feature is not only inef
fective in improving the accuracy of the results, but also brings more 
data collection and computation to a large-scale study (Hsu and Hsieh, 
2010). In this study, the method of examination of correlation co
efficients was applied to eliminate redundant indicators (Dong et al., 
2020). Correlation coefficients, r, of 0.9 or higher could be considered to 
represent features that are strongly correlated, to determine whether 
there is redundant information among the indicators according to our 
calculation experiments. When two indicators have strong correlation, 
these two indicators are analyzed separately with other indicators for 
correlation, and the one with higher correlation with other indicators is 
removed. Finally, 8 indicators were selected from the initial 11 candi
dates, as shown in Table 1. 

2.2.3. Undimensionalization of data 
Assuming the indicator data are [Xijk|i = 1, 2, 3, …, n; j = 1, 2, 3, …, 

m; k = 1, 2, 3,…, p], n, m and p denote the total number of pixels, in
dicators and years respectively, Xijk denotes the j-th indicator value for 
the i-th pixel in the k-th year. In order to reduce effects of dimensions, a 
undimensionalization process is carried out for the indicators on the 
pixel scale and expressed as: 

Fij =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

Positiveindicator :
Xij − Xjmin
Xjmax − Xjmin

Negativeindicator :
Xjmax − Xij
Xjmax − Xjmin

(1) 

in which Xijmax and Xijmin denote the maximum and the minimum 
value of the j-th indicator over all pixels in the research area in the three 
years of 2005, 2010 and 2015 for this study. On the other hand, the 
method provides baselines of indicators for ecological quality evalua
tion, by which it is possible to diagnose changes in ecosystems and 
determine differences among ecosystems and regions. 

2.2.4. Weight-determination algorithm 
A particle swarm optimization algorithm-based projection pursuit 

model (PSO-PPM) was applied to determine the indicators’ weights. The 
model was developed using Matlab’s scripts language based on code 
published on the website: https://github.com/S-Driscoll/Projectio 
n-pursuit. The PSO algorithm, first proposed by Kenney and Eberhart 
in 1955, is a computational iterative optimization method based on 
swarm-intelligent evolution (Kennedy, 1998; Kennedy and Eberhart, 
1995; Shi and Eberhart, 2001). After finding two optimal solutions, the 
particle updates its velocity and position, according to the following 
equations (2) and (3), until the maximum number of cycles or termi
nation conditions is reached; the global, optimal solution is the final 
result: 

aÂ⋅vik(t+1)=c0Â⋅vik(t)+c1Â⋅r1k(t)Â⋅(pbik − xik(t))+c2Â⋅r2k(t)Â⋅(gbk − xik(t))
(2)  

xi(t+ 1) = xi(t)+ vi(t+ 1) (3) 

where n represents the number of particle swarms, and m represents 
the spatial dimension of each particle search. xi and vi, respectively, 
represent the current position and velocity vector of particle i. pbi is the 
best position vector that particle i attains, and gb is the current global 
optimum—that is, the best position vector that all particles attain. c0, is 
the inertia factor, c1 and c2 are acceleration factors, and r1k and r2k are 
two random numbers varying in the range [0, 1]. 

The PSO-PPM uses the PSO algorithm to optimize the projection 
pursuit model. The first step involves randomly selecting a number of 
initial projection directions aj (-1≤ aj ≤ 1) and the optimal projection 
direction can be estimated by maximizing the projection index function, 
Q(a), that is, the product of the standard deviation SZ of the sample 
projection value and the local density value DZ: 

Q(a) = max(Sz × Dz) (4) 

The standard deviation, Sz, is calculated for each particle swarm: 

Sz =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅{
∑m

i=1
[Z(i) − E(z) ]2

}

/n

√
√
√
√ (5) 

where Z(i) is the projection feature value of the indicator values of 
the i-th pixel in the projection direction, that is Z(n) =

∑m
k=1xij∙aik . E(z)

is the average value of the projection feature value of the n samples in 
the projection direction, that is, E(z) =

∑n
i=1Z(i)/n . The local density 

values are calculated for particle swarms as sample class Dz : 

Dz =
∑n

i=1

∑n

j=1

(
R − rij

)
∙u
(
R − rij

)
(6) 

where R is the local density window radius, the distance 
rij = |Z(i) − Z(j)| , u(R-rij) between the indicator projection points of 
samples i and j is the unit step. This step is assumed to be 1 when R ≥ rij; 
otherwise, it is assumed to be 0. 

Particle velocity and position are derived through an iteration al
gorithm of equations (2) to (6). For our experimental calculation, the 
maximum number of iterations was experimentally set as 2000, so it will 
output the final weights if a relative change in Q(a), see equation (4), 
is<5%, or the maximum number of iterations was reached. Finally, the 
EQI in percentage is calculated based on the projection vector a as the 
weights and the indicator values by equation (7) at the pixel level for the 
three years: 

Gj =

(
∑n

i=1

∑m

j=1
xij∙aj

)

× 100 (7) 

The algorithm with parallel computing is realized using script lan
guage in the Matlab environment. In this study, the computational 
program was used to calculate the EQI of the terrestrial ecosystems of 
Jiangxi Province using eight indicators: normalized-vegetation index 
(NDVI), leaf-area index (LAI), net primary productivity (NPP), net 
ecosystem productivity (NEP), water-use efficiency (WUE), ecosystem- 
water-storage index (WSI), Bowen ratio (β) and land surface tempera
ture (LST) in 2005, 2010, and 2015. 

2.2.5. EQI grade classification 
EQI is a unidimensional score from 0 to 100 to quantify the ecolog

ical quality from very poor to excellent in the study area. To capture 
variation and visualize results for ecosystem status evaluation in China 
(PRC State Environmental Protection Administration, 2015) and the 
ecological quality assessment (Hang et al., 2020; Hu and Xu, 2018; 
Xiong et al., 2021), an equal interval distinction method was applied to 
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classify the EQI in five levels: above 80 is classified as excellent; between 
60 and 80 is good; between 40 and 60 is medium; between 20 and 40 is 
poor; and<20 is very poor. 

2.2.6. Method used to analyze driving factors  

(1) Climate impact analysis 

This study mainly analyzes the impact of temperature and precipi
tation changes on ecological quality. Linear regression was used to 
analyze the inter-annual variability and trends in temperature, precip
itation, and vegetation index from 2005 to 2015. The climate impact is 
quantified through the regression coefficients and multiple correlation 
coefficient (R2).  

(2) Impact analysis of land use and cover change (LUCC) 

The impact of LUCC on ecological quality was analyzed by exam
ining the two aspects of afforestation and urbanization in Jiangxi 
Province for the same period. The linear regression was done between 
the afforestation area and the annual mean NDVI over the whole prov
ince to analyze the impact of afforestation on ecological quality from 
2005 to 2015. The effect of urbanization was analyzed based upon the 
proportion of area of urban land in each region according to the LUCC 
data (ESA, 2017) and the impervious data (Gong et al., 2020), and 
compared with the changes in the ecological quality index to explore the 
impacts from urbanization.  

(3) Gradient analysis 

To further illustrate the indicators’ contributions to EQI, the EQI and 
other indicators were averaged along a NDVI gradient and a latitude 
gradient, respectively. The NDVI gradient was sampled with all input 
data from the minimum of 0.05 to the maximum of 0.95 by a step of 0.05 
as a theoretical analysis. The latitude gradient, for experimental anal
ysis, was arbitrarily sampled along the middle zone with the width of 30 
pixels from the northern to southern parts of the province. 

2.3. Data and process 

2.3.1. Meteorological data 
The air temperature and precipitation data used in this study were 

retrieved from meteorological stations from the China Meteorological 
Science Data Sharing Service Network, including 92 stations in Jiangxi 
Province and 112 stations in surrounding provinces. The ANUSPLIN 
interpolation software package (Hutchinson, 1991, 1998; Tan et al., 
2016) was used for spatial interpolation, and thereby obtained tem
perature and precipitation data with a spatial resolution of 1 km at 8-day 
intervals during 2005–2015. Previous studies have shown that temper
ature and precipitation interpolations obtained using ANUSPLIN can 
explain 90% and 77% of the spatial variability, respectively; i.e., this 
data can represent spatial variations very well (Wang et al., 2017b). 
Based on the 8-day interval interpolated meteorological data, the annual 
temperature and precipitation data were calculated for further analysis. 

2.3.2. Remote sensing data  

(1) NDVI data 

NDVI data were retrieved using MOD13A1 Version 6 with a 500 m 
spatial resolution and a 16-day temporal step for 2005–2015. The 
product was obtained from NASA’s Earth Observing System. The data 
were processed to the Albers equal-area conic projection using the 
MODIS Reprojection Tool (MRT) of NASA. Then, smoothing and noise 
reduction of the NDVI data were conducted using the S-G filtering 
method of TIMESAT3.2 (Jönsson and Eklundh, 2004), and then the 

smoothed NDVI is used to calculate the annual total NDVI (ATN) for the 
indicator data.  

(2) FPAR and LAI data 

The FPAR and LAI were retrieved from the latest product of MODIS 
Collection 6 (MCD15A2) from 2005 through 2015 and used as model 
inputs. The product has a 1-km spatial resolution and an 8-day temporal 
resolution. However, some data are missing due to unfavorable atmo
spheric conditions, such as cloudiness and heavy aerosols. These data 
gaps were filled using the S-G filtering method of TIMESAT3.2 (Jönsson 
and Eklundh, 2004). The annual mean LAI was calculated and used as 
input data.  

(3) LUCC data 

Land cover data were retrieved using European Space Agency (ESA) 
Land Cover CCI v2.0.7 (ESA, 2017). The data in 2005 and 2015 were 
used to analyze land use changes, which was re-categorized to the seven 
types: cultivated land, woodland, thickets and grasslands, urban, bare 
land, water bodies, and permanent ice and snow from its original 37 
types. 

The impervious layer data were retrieved from the high-resolution 
global artificial impermeable area (GAIA) dataset (Gong et al., 2020), 
and the data in 2005 and 2015 were used to determine the impact of 
urbanization in the study. Jiangxi Statistical Yearbook afforestation data 
were used to compare and analyze the impact of artificial urban 
expansion and ecological protection on ecological quality. 

2.3.3. Modeled data 
The GPP, NPP and NEP data were estimated using GLOPEM-CEVSA, 

a coupled model between a remote-sensing-based global production 
efficiency model and a vegetation, atmospheric, and soil carbon- 
exchange model (Wang et al., 2011). In the GLOPEM-CEVSA, NPP is 
calculated as the difference between gross primary productivity (GPP) 
and the estimated plant autotrophic respiration for the maintenance of 
life and growth, according to biomass, temperature, and autotrophic 
respiration coefficients. GPP is estimated from the photosynthetically 
active radiation absorbed by vegetation, the potential light-use effi
ciency, and the environmental stresses linked to light-use efficiency. The 
model simulates soil heterotrophic respiration (Rh) then NEP is simu
lated as the difference between NPP and Rh. The all three data were 
obtained from the same model, which would decrease the estimation 
uncertainties due to the methods difference on the great extent. Detailed 
descriptions of the model can be found in Wang et al. (2009) and Wang 
et al. (2011). 

The ARTS model was applied to calculate the evapotranspiration 
(ET) which is used to estimate the Bowen ratio, ecosystem-water-storage 
index, and the WUE. The model is a dual-source model of evapotrans
piration based on remote sensing; that is, it considers vegetation tran
spiration and soil evaporation (Yan et al., 2012). ET under the condition 
of sufficient soil water is estimated first. Then, the actual evapotrans
piration is estimated by considering soil moisture (Yan et al., 2012; Yan 
et al., 2014). Referring to Cui et al. (2019), the annual ET with a 1-km 
spatial resolution was modeled using meteorological data interpolated 
from observations from meteorological stations across China, as well as 
FPAR and LAI data obtained by satellite remote-sensing in this study. 

3. Results 

3.1. Weighting evaluation indicators 

The weights were estimated using the PSO-PP model for indicators 
on the pixel scale (Table 2). The NDVI had the highest contribution to 
the ecological quality index with a weight of 0.2385, followed by WUE 
(0.1592); the NPP, LST and WSI would be grouped as third level with a 
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weight of about 0.13, and NEP in the fourth level. Meanwhile, the LAI 
and β showed minimum weights with values around 0.04. 

3.2. Spatial and temporal pattern of EQI 

The EQI was calculated using the PSO-PP model for Jiangxi Province 
in 2005, 2010, and 2015, and is shown in Fig. 2. The province, taking 
2015 as an example, had a medium grade of ecological quality, with an 
average EQI of 55.32. More specifically, 92.71% of the whole provincial 
land area had an EQI equal to and above the medium grade, while 8.29% 
of the area had an average EQI below the medium grade in 2015. 

Spatially, the ecological quality index calculations resulted in lower 
values in the main stream area along the Ganjiang River, while higher 
values were found on the hills and mountains around the Ganjiang 
River, as shown in Fig. 2. According to the regional averages (Fig. 3a), 
(except Nanchang with its ecological quality in the poor grade with the 
lowest quality index of 40), all regions were in the good grade with the 
highest quality index of 70 in Jingdezhen. Of course, in each region, 
there were good and poor grades with varying area percentages 
(Fig. 3b). Jingdezhen, Shangrao and Fuzhou have more than half of the 
regions with good and above grade; most of Xinyu region (77.38%) was 
at medium level, followed by Ganzhou, Pingxiang, Yingtan and Yichun 
where more than half of these areas were at medium levels. Nanchang 
has no more than 5% of the region with EQI above good grade. The 
results implied that the regions with a higher degree of urbanization 
were characterized by lower EQI grade. 

Temporally, the EQI of the whole province increased from 52.26 in 
2005 to 53.19 in 2010, and to 55.32 in 2015 (Fig. 2, Fig. 3a), and the 

proportion of good and above grade area specifically increased from 
25.47% in 2005 to 29.43％ in 2010, and to 36.8％ in 2015 (Fig. 3b). The 
area of good grade and above increased in the hilly areas, such as 
Jingdezhen and Shangrao, while the change was not significant in the 
plain areas, such as Nanchang, Yichun and Ganzhou. The EQI was found 
to increase over most areas from 2005 to 2015, though increases were 
most prevalent in the hilly area in the northeast, the center and southern 
province (that is most of Shangrao, Jingdezhen, and the small parts of 
northern Ganzhou and Linchuan). Meanwhile, there was an area of 
decreasing condition mainly around Nanchang and southern Ganzhou. 

3.3. Driving factors of EQI change 

3.3.1. Temporal changes in indicators and impacts from climate change 
The temporal changes in EQI is a comprehensive expression of all 

indicators’ changes because the EQI is calculated through the undi
mensionalized indicators and their respective weights. All included in
dicators showed very different spatial patterns when compared between 
2005 and 2015 (Fig. 4 b to i). On the provincial scale, all indicators 
increased, from vegetation greenness and coverage (FVC), to photo
synthesis capability, hydrological and heat regulation. For example, 
NDVI increased 7.3% and 10.4% in 2015 (to 0.65) from that in 2010 
(0.61) and 2005 (0.59). GPP (NPP) increased 20.9% (18.5%) and 35.5% 
(36.6%) under the same comparison. Land surface temperature was 
22.9 ◦C, 24.0 ◦C and 23.6 ◦C in 2005, 2010 and 2015 respectively ac
cording to the regional mean for the whole province, that is, the tem
perature increased by 1.1 ◦C in 2010 and then decreased 0.4 ◦C in 2015. 
Meanwhile, the hydrological indicators, the IM and WSI, in 2015 
respectively increased 14.5% and 6.8% over that in 2010, 81.3% and 
32.3% than that in 2005. As a heat indicator, the Bowen ratio increased 
to 0.27 in 2015 from 0.24 in both 2005 and 2010. Considering both 
quantity and the weight, NDVI contributed the most to the increase of 
EQI with 24.3%, followed by NPP (22.6%), WSI (21.6%), and WUE 
(21.2%); meanwhile, land surface temperatures and Bowen ratio made 
negative contributions to the increase of EQI, and their contributions 
were − 6.8% and − 5.6%, respectively. It indicates that EQI mainly re
flects the condition of vegetation greenness and productivity, while the 
improvement of moisture condition in the area will be beneficial to EQI, 
while the climate warming and the increasing Bowen ratio will decrease 
EQI. 

Vegetative condition was improved according to the NDVI data in 

Table 2 
Indicators and their weights averaged for the whole study region, Jiangxi 
Province, China.  

Theme Indicator Weights 

Maintaining function Normalized Difference Vegetation Index, NDVI  0.2385 
Leaf-area Index, LAI  0.0447 

Supporting function Net Primary Productivity, NPP  0.1399 
Regulating function Net Ecosystem Productivity, NEP  0.1057 

Water Use Efficiency, WUE  0.1592 
Ecosystem Water Storage Index, WSI  0.1354 
Bowen Ratio, β  0.0437 
Land Surface Temperature, LST  0.1324  

Fig. 2. Spatial distribution for an ecological-quality index in Jiangxi in 2005 (a), 2010 (b), and 2015 (c).  
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Jiangxi Province during the period from 2005 to 2015 (Fig. 5 and 
Table 3). The NDVI had a significant upward trend with a slope of 0.49% 
(R2 = 0.82, p < 0.001) from linear regression for the whole province, 
and with a slope of from 0.30% (R2 = 0.55, p = 0.01) in Nanchang to 
0.58% (R2 = 0.79, p < 0.001) in Pingxiang. Meanwhile, climate in
fluences led to a significant warming and an insignificant wetting trend 
in this period (Fig. 5 and Table 3). Specifically, the annual mean air 
temperature shows a significant warming trend by a rate of 0.118 ℃ a-1 

(R2 = 0.60, p < 0.01) over the whole province. Rates varied from the 
regional mean of 0.0775 ℃ a-1 (R2 = 0.34, p = 0.06) in Jiujiang, to 
0.1274 ℃ a-1 (R2 = 0.54, p = 0.01) in Ji’an. The annual total precipi
tation insignificantly increased (R2 = 0.11, p = 0.31) in the same period. 

The interannual variability in NDVI can be explained by corre
sponding changes in annual mean temperature (AMT) and annual total 
precipitation (ATP) in the same period from 2005 to 2015 (Fig. 5, 
Table 3). The NDVI was significantly correlated with AMT (R2 = 0.539, 
p = 0.010), and was insignificantly correlated with ATP (R2 = 0.146, p 
= 0.247) (Shown in Fig. 6, Table 4). However, both climate variables 
can explain 64.2% of the variation in the NDVI data for the whole 
province, and 49.6% to 72.4% for most regions during the study period 
from 2005 to 2015. For example, both AMT and ATP can explain 72.4% 
of the variation (R2 = 0.724, p = 0.006) in NDVI in Fuzhou. However, 
both variables cannot explain much variability in NDVI for some re
gions, such as Nanchang (R2 = 0.387, p = 0.141), Jingdezhen (R2 =

0.386, p = 0.142), Xinyu (R2 = 0.449, p = 0.092) and Pingxiang (R2 =

0.440, p = 0.099). Those results imply that climate change, especially 
climate warming, can be attributed to an improved vegetative condition 
and, further, an improvement in this ecological quality index in most 
study regions. Meanwhile, in some regions, climate changes were not 
dominant drivers of ecological quality changes in the study area of 
Jiangxi Province, China. 

3.3.2. Land use and land cover change 
No more than 10% of the total area changed in its type of land use 

and land cover according to the remote sensing-based data from 2005 
and 2015 (Fig. 1). Specifically, for the land area, about 0.13% changed 
from grassland or cropland to forestland. That is likely a result of 
ecological-protection programs, such as returning arable land to forest 
and afforestation in 2015, compared to 2005. Moreover, the cumulative 
afforestation area increased, though the area per year increased to a 
peak in 2008, according to the Jiangxi Statistical Yearbook, which was 
consistent with the changes of the NDVI that almost continually 
increased during the study period (Fig. 7). The afforestation area is 
significantly correlated with the annual mean NDVI over the whole 
province (R2 = 0.77, p < 0.001) for the period. The analysis indirectly 
indicates that more ecological protection programs would have 
improved the ecological quality in the study region. 

Urbanization quickly increased in the study region, which would 
result in decreasing ecological quality for specific areas to a great extent. 
The urban area of the whole province increased by 78.17% and mainly 
occurred around Nanchang, Ganzhou, Jiujiang and Yichun, respectively 

increasing by 94.94%, 61.97%, 86.69% and 103.53% by 2015 from 
2005, according to ESA land use data. The amount of impervious surface 
area increased 121.37%, 113.79% and 185.04% in Nanchang, Ganzhou 
and Jiujiang, respectively, according to GAIA data for the same period 
(Fig. 8). The expansion of impervious surface area suppressed the 
growth of NDVI, with an average increase of 0.01 in urban areas during 
the period from 2005 to 2015. The EQI decreased by 0.82 for the urban 
area of the whole province. The EQI decreased by 3.71, 4.00, and 1.80 
for the urban areas of Nanchang, Ganzhou and Jiujiang, respectively. 

4. Discussion 

4.1. Comprehensive Multi-dimensional indicator 

Based on the conceptual framework suggested by Wang et al. (2019), 
this study proposed a regional comprehensive Multi-dimensional indi
cator-based Ecological Quality index, applying a Projection Pursuit 
Model (MEQ-PPM). The index, first of all, represented the changes in 
status, comparing to the best and worst reference conditions in the study 
periods over the study area for the multiple indicators. This was realized 
through the method of maximum-minimum dimensioning of the data to 
satisfy the requirements of the projection pursuit model (PPM). A his
torical period, even a specific year, is often set as reference condition 
(Cabello et al., 2012; Hughes and Convey, 2010; MA, 2005; Pollock 
et al., 2012; Wen et al., 2021), which could distort evaluation results due 
to impacts from climate variability (Pollock et al., 2012). In this study, 
the reference condition was based on the best and worst for the given 
temporal and spatial range covering the whole study period and whole 
region, which is more rational and objective. 

Weights quantify the relative contribution of indicators to the 
ecological quality index. In this study, NDVI made the greatest contri
bution. As an index of vegetation greenness and photosynthetic capacity 
retrieved through remote sensing (Cabello et al., 2012), NDVI is widely 
applied in ecological evaluations, such as for regional ecosystem func
tion (White et al., 2020; Zelený et al., 2021). The potential application of 
NDVI has been discussed in biodiversity monitoring, available through 
satellite remote sensing; however, studies have been more focused on 
the diversity of landscapes or ecosystems, or habitat function. Biodi
versity monitoring on the species scale has faced great challenges until 
the present (Geller et al., 2017). However, this study demonstrated that 
NDVI is a very useful and informative indicator in ecological quality 
evaluation for any terrestrial ecosystem in the study province. 

LAI had a low influential weight on the EQI in this study, which was 
different with NDVI though they were retrieved from a remote sensing 
data source together. It was found that LAI showed a slow increase from 
0.0 to 0.15 if NDVI was<0.7 and a fast increase from 0.15 to 0.60 if NDVI 
was larger than 0.7 (Fig. 9a); that is, LAI was not sensitive to changes in 
vegetation greenness, but was to the changes of EQI, which would result 
in the lower weight of LAI. 

WUE is one of the indicators with a higher weight in this study. It was 
defined as the capability and responses of maximal carbon capture by 

Fig. 3. The zonal mean EQIs (a) for the three years (2005, 2010, and 2015) for each administrative region within the area as a proportion (b) of its EQIs grade in 
2015 for the study area Jiangxi Province. 
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Fig. 4. The changes of the EQI and the all indicators in 2015 comparing with the corresponding values in 2005.  
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plant photosynthesis and transpiration under water conditions of dry or 
wet (Drake et al., 2017; Kim et al., 2021); therefore, the EQI considered 
the impacts of ecosystem functions on carbon uptake by photosynthesis 
under water stress. 

The Bowen ratio (β) made the smallest contribution with its weight of 
0.0437, which quantifies the allocation amount of net surface radiation 
as latent heat and sensible heat (Ping et al., 2018; Yue et al., 2019; Zhao 
et al., 2021). The Bowen ratio generally changes from the lower annual 
value of 0.17 in a tropical rainforest, to 0.35 in subtropical forest, 0.74 in 
temperate forest, and 0.8–9.9 in residential and urban areas (Cleugh and 
Grimmond, 2012). These well illustrate Bowen ratio can effectively 
differentiate the climatic effect of land use and land cover, and even that 
of ecosystem degradation and was proposed as an indicator for the 
regulating function of ecosystems (Zhao et al., 2021). Therefore, though 
having a lower weight, Bowen ratio is necessary to be considered in the 
EQI to represent the regulating function of the ecosystem. 

Based on the above, by considering comprehensive, multiple in
dicators to quantify eco-environmental conditions and ecosystem ser
vice functions, the EQI is a more rational and objective index. 

4.2. Biodiversity and ecological quality 

Biodiversity is very important, but its measurement is very complex 
and faces great challenges for various scales, such as plant species, 
population, landscape and ecosystems, especially on the regional scale 
(Magurran and McGill, 2011). As a proxy, habitat quality is often 
evaluated by applying NDVI data from satellite remote sensing to 
quantify biodiversity (Geller et al., 2017). Therefore, this study 
considered biodiversity indirectly using NDVI as an indicator, relative to 
habitat quality. Biodiversity changes such as encroachment by non- 

edible plants do reduce the ecological benefits available to humans on 
the one hand (Hughes and Convey, 2010), but on the other hand, there 
may be the possibility of enhanced ecological functions such as soil and 
water conservation and increased carbon sequestration due to increased 
vegetation cover (Guo et al., 2019; Shi et al., 2018). In other words, 
biodiversity changes may be harmful to humans, but they may also be 
beneficial to the enhancement of ecosystem functions themselves. 
Ecological quality index (EQI) has limitations in its ability to determine 
what changes are reflected in the index. As a management tool on the 
regional scale, however, it would provide a broad view of ecosystem 
status and changes from multiple aspects of ecosystem function. 

4.3. Human activities and ecological quality 

There is a particularly complex relationship between economic 
development, natural conditions and ecological processes (Alberti, 
2005). Ecological quality is influenced by many factors including 
climate change and human activities. While it is relatively easy to 
quantify impacts from climatic change, there is difficulty in quantifying 
that from human activities (Jia et al., 2015; Jiang et al., 2009; Sun et al., 
2016). Climate change affects biodiversity and ecosystem functions, 
such as photosynthesis, autotrophic respiration, and soil decomposition 
in terrestrial ecosystems (Cao and Li, 2000), therefore influencing 
ecological quality (Liu and Fu, 2001; Zhao et al., 2020; Zhou et al., 
2014). Ecological protection and restoration programs, such as fores
tation and afforestation, were found to make an effective contribution to 
improved ecological quality. For example, vegetation restoration can 
prevent soil erosion effectively and improve ecological condition (Liu 
et al., 2016; Wang et al., 2017). 

In contrast, rapid urbanization and fast GDP growth has led to 

Fig. 5. Changes in annual average temperature, annual precipitation, and annual NDVI in Jiangxi Province from 2005 to 2015.  

Table 3 
Analysis of variation in trends of NDVI, precipitation, and temperature in all administrative regions from 2005 to 2015  

Region NDVI Precipitation Temperature 

slope R2 p slope R2 p slope R2 p 

Whole  0.0049  0.82  0.00  32.4766  0.11  0.31  0.1184  0.60  0.01 
Nanchang  0.0030  0.55  0.01  39.4881  0.13  0.29  0.0831  0.42  0.03 
Jiujiang  0.0044  0.87  0.00  39.3808  0.19  0.18  0.0775  0.34  0.06 
Ganzhou  0.0054  0.73  0.00  2.7960  0.00  0.91  0.1573  0.70  0.00 
Shangrao  0.0047  0.76  0.00  62.1146  0.25  0.12  0.0980  0.55  0.01 
Jingdezhen  0.0040  0.67  0.00  71.9108  0.36  0.05  0.0794  0.42  0.03 
Ji’an  0.0053  0.83  0.00  26.0183  0.08  0.40  0.1274  0.54  0.01 
Fuzhou  0.0053  0.81  0.00  45.0561  0.11  0.32  0.1245  0.68  0.00 
Yingtan  0.0041  0.71  0.00  48.0805  0.13  0.28  0.1102  0.63  0.00 
Yichun  0.0042  0.87  0.00  35.7232  0.11  0.31  0.1012  0.51  0.01 
Xinyu  0.0041  0.59  0.01  35.5289  0.11  0.33  0.0996  0.52  0.01 
Pingxiang  0.0058  0.79  0.00  29.6738  0.11  0.32  0.1059  0.45  0.02  
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dramatic changes in land surface (Wang, 2013). Urbanization, including 
the massive expansion of road traffic and building areas, has greatly 
reduced the green area of the land surface, leading to changes in 
ecological functions in the area, reflected by an increase in the Bowen 
ratio, and thus a decrease in ecological quality (Ke and Mei, 2010; Peng 
et al., 2014). As Fig. 10 shows, EQI was significantly and negatively 
correlated with the GDP of Jiangxi Province and positively correlated 
with NDVI, which indicates that urban expansion and economic 

development seriously influenced ecological quality. Sustainable urban 
development would be a good option for striving to achieve harmony 
with nature. 

4.4. Uncertainties and future improvements 

The evaluation of ecological quality is greatly dependent on what 
indicators are used and the change trajectory represented in time series 

Fig. 6. Correlation analysis of mean annual temperature, annual precipitation (after standardization), and mean annual NDVI in Jiangxi Province and its munici
palities from 2005 to 2015. 

Table 4 
The results of linear regression for NDVI with annual mean temperature (AMT), annual total precipitation (ATP) and the both variables for the whole province and its 
each administrative region in the period from 2005 to 2015  

Region NDVI = b0 + b1 AMT  NDVI = b0 + b2 ATP  NDVI = b0 + b1 AMT + b2 ATP 

b1 R2 p  b2 R2 p  b0 b1 b2 R2 p 

Whole  0.013  0.539  0.010   0.007  0.146  0.247   0.64  0.013  0.006  0.642  0.016 
Nanchang  0.006  0.202  0.166   0.005  0.143  0.251   0.5  0.007  0.006  0.387  0.141 
Jiujiang  0.009  0.324  0.068   0.006  0.146  0.246   0.64  0.007  0.006  0.496  0.065 
Ganzhou  0.016  0.581  0.006   0.006  0.082  0.394   0.67  0.012  0.007  0.687  0.01 
Shangrao  0.011  0.398  0.037   0.008  0.179  0.194   0.64  0.009  0.007  0.498  0.064 
Jingdezhen  0.008  0.251  0.116   0.007  0.182  0.191   0.66  0.010  0.006  0.386  0.142 
Ji’an  0.014  0.495  0.016   0.007  0.128  0.281   0.65  0.010  0.004  0.604  0.024 
Fuzhou  0.016  0.627  0.004   0.008  0.146  0.247   0.65  0.016  0.007  0.724  0.006 
Yingtan  0.011  0.453  0.023   0.005  0.088  0.375   0.6  0.013  0.006  0.501  0.062 
Yichun  0.009  0.381  0.043   0.006  0.148  0.243   0.62  0.010  0.006  0.563  0.036 
Xinyu  0.010  0.325  0.067   0.006  0.110  0.320   0.58  0.015  0.006  0.449  0.092 
Pingxiang  0.012  0.326  0.066   0.008  0.141  0.255   0.64  0.010  0.006  0.44  0.099  
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Fig. 7. NDVI and annual afforestation area in Jiangxi Province from 2005 to 2015.  

Fig. 8. Visualization results of evaluation grade in Jiangxi Province in 2005 (a) and 2015 (b), and the superposition map of impermeable water surface.  

Fig. 9. The changes (a) of EQI and indicators along the NDVI gradient from 0.05 to 0.95 by steps of 0.05 for the whole region, and the north-to-south profiles (b) of 
EQI and all indicators on an arbitrarily selected 30 pixels wide zone in the middle of the study area, as an example to illustrate EQI quantifying ecological quality 
from poor to excellent. 
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data for the indicators. Therefore, a complete indicator system and long- 
term data are two very important aspects of evaluating changes in 
ecological quality objectively. In this study, 11 indicators were selected 
as candidates by considering data availability (Table 1), and eight of 
them entered the final evaluation after eliminating redundant indicators 
(Table 2). However, there are lots of ecosystem functions or services, 
such as use efficiency of carbon, radiance or light, and the landscape 
index, which could be considered as indicators and may be included in 
experiments in the future. 

A methodology was proposed to evaluate ecological quality based on 
the best and worst reference condition estimated from the maximum and 
minimum values of each indicator over the whole study area but 
restricted due to availability of data. The period was too short to capture 
the inter-annual variation and the possible best and worst reference 
condition with data from the three years used. Therefore, reference 
conditions were estimated due to the shortage of the limited data tem
poral span. Though this study had derived the influences of human ac
tivities and climate change on EQI, some studies have shown that 
population and GDP growth will reach a certain inflection point and the 
trend of ecological deterioration will slow down if urbanization and 
economic development would move beyond a certain level, which will 
lead ecological quality to improve (Ding et al., 2020; Selden and Song, 
1995). As the aim of this paper is to clarify the feasibility and validity of 
the methodology, the use of three data points over nearly 15 years would 
be limited for exploring the change trajectory of EQI in response to 
climate change and human activities. 

It is a great challenge to quantify the impacts of human activities on 
ecological quality. With increased interest in cities’ green spaces, data 
with a fine spatial resolution will be important to evaluate ecological 
condition by quantifying the structure and function of city environ
ments, which would aide city planning and management. On the other 
hand, planting of economic crops is very popular in the study area, with 
crops such as tangerines, oranges, and tea highly desirable. Their impact 
on ecological quality should be considered when there are available 
data. However, the EQI improved in areas where land changed from 
cropland or grassland to forestland in the study, which is understandable 
from the perspective of a forest’s service functions. During fast economic 
development, ecological quality should be regularly monitored and 
evaluated in order to keep such development sustainable and environ
mentally friendly. 

5. Conclusion 

The ecological quality index (EQI) was developed based on 
ecosystem service functions using the PSO-PP algorithm with Jiangxi 
Province, China, as a case study. Ecological quality was generally found 

to be at the upper-middle level on the scale developed for this analysis 
and demonstrated an upward trend, according to the indictors of 
ecosystem maintenance, supporting and regulating functions in 2005, 
2010, and 2015. An analysis of the spatiotemporal pattern and its 
driving factors found that an increasingly warm and wet climate trend 
contributed to improvements in the EQI; meanwhile, human activities 
exerted negative and positive effects on ecological quality through ur
banization and afforestation, respectively. This study proposed a 
methodology to evaluate ecological quality, utilizing available datasets 
for terrestrial ecosystems on a regional scale, demonstrating its effec
tiveness, rationality, and feasibility by avoiding the use of a pre-defined 
baseline and attribute weights. 
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Delibes, M., Paruelo, J.M., 2012. The ecosystem functioning dimension in 
conservation: Insights from remote sensing. Biodivers. Conserv. 21 (13), 3287–3305. 

Cao, M.K., Li, K.R., 2000. Research progress on the interaction between terrestrial 
ecosystems and climate. Advances. Earth Science. 15. 

Y. Chen H. Lu P. Yan Y. Yang J. Li J. Xia Analysis of water–carbon–ecological footprints 
and resource–environment pressure in the Triangle of Central China 125 2021 
107448 10.1016/j.ecolind.2021.107448. 

Cleugh, H., Grimmond, S., 2012. Urban Climates and Global Climate Change. The Future 
of the World’s Climate 47–76. 

Cui, M., 2019. Research on the influence of vegetation dynamic changes on regional 
surface water and heat regulation. China University of. Geosciences(Beijing).  

Daily, G.C., 1997. Nature’s services. Island Press, Washington, DC.  

Fig. 10. Relationship between GDP, NDVI and EQI by municipal districts in the 
2015 Ecological Quality Assessment. 

X. Ouyang et al.                                                                                                                                                                                                                                 

http://refhub.elsevier.com/S1470-160X(21)01079-7/h0005
http://refhub.elsevier.com/S1470-160X(21)01079-7/h0005
http://refhub.elsevier.com/S1470-160X(21)01079-7/h0005
http://refhub.elsevier.com/S1470-160X(21)01079-7/h0005
http://refhub.elsevier.com/S1470-160X(21)01079-7/h0005
http://refhub.elsevier.com/S1470-160X(21)01079-7/h0010
http://refhub.elsevier.com/S1470-160X(21)01079-7/h0010
http://refhub.elsevier.com/S1470-160X(21)01079-7/h0015
http://refhub.elsevier.com/S1470-160X(21)01079-7/h0015
http://refhub.elsevier.com/S1470-160X(21)01079-7/h0015
http://refhub.elsevier.com/S1470-160X(21)01079-7/h0020
http://refhub.elsevier.com/S1470-160X(21)01079-7/h0020
http://refhub.elsevier.com/S1470-160X(21)01079-7/h0020
http://refhub.elsevier.com/S1470-160X(21)01079-7/h0025
http://refhub.elsevier.com/S1470-160X(21)01079-7/h0025
http://refhub.elsevier.com/S1470-160X(21)01079-7/h0025
http://refhub.elsevier.com/S1470-160X(21)01079-7/h0025
http://refhub.elsevier.com/S1470-160X(21)01079-7/h0030
http://refhub.elsevier.com/S1470-160X(21)01079-7/h0030
http://refhub.elsevier.com/S1470-160X(21)01079-7/h0030
http://refhub.elsevier.com/S1470-160X(21)01079-7/h0035
http://refhub.elsevier.com/S1470-160X(21)01079-7/h0035
http://refhub.elsevier.com/S1470-160X(21)01079-7/h0045
http://refhub.elsevier.com/S1470-160X(21)01079-7/h0045
http://refhub.elsevier.com/S1470-160X(21)01079-7/h0050
http://refhub.elsevier.com/S1470-160X(21)01079-7/h0050
http://refhub.elsevier.com/S1470-160X(21)01079-7/h0055


Ecological Indicators 133 (2021) 108414

13

Das, S., Pradhan, B., Shit, P.K., Alamri, A.M., 2020. Assessment of wetland ecosystem 
health using the Pressure-State-Response (PSR) Model: A case study of Mursidabad 
District of West Bengal (India). Sustainability. 12 (15), 5932. https://doi.org/ 
10.3390/su12155932. 

Deisy, C., Subbulakshmi, B., Baskar, S., Ramaraj, N., 2007. Efficient dimensionality 
reduction approaches for feature selection, International Conference on 
Computational Intelligence and Multimedia Applications (ICCIMA 2007). IEEE, pp. 
121-127. 

Deng, C.X., Xie, B.G., Li, X.Q., Liu, L.K., Xiang, Y.B., 2013. Evaluation of cultivated land 
intensive utilization in Chang-Zhu-Tan urban agglomeration based on projection 
pursuit. Geographical Research. 

Ding, Q., Wang, L.i., Fu, M., Huang, N.i., 2020. An integrated system for rapid assessment 
of ecological quality based on remote sensing data. Environmental Science and 
Pollution Research. 27 (26), 32779–32795. 

Ding, Q.F., Wang, J.B., Qi, S.H., Ye, H., Huang, M., Xu, Y.T., Ying, T.Y., Tao, J., 2013. 
Spatial patterns of vegetation net primary productivity in Jiangxi Province of China 
in relation to climate factors. Chinese Journal of Ecology. 32, 726–732. 

Dong, X., Hao, F., Zhao, L., Xu, T., 2020. An efficient method for pruning redundant 
negative and positive association rules. Neurocomputing. 393, 245–258. 

Drake, B.L., Hanson, D.T., Lowrey, T.K., Sharp, Z.D., 2017. The carbon fertilization effect 
over a century of anthropogenic CO2 emissions: higher intracellular CO2 and more 
drought resistance among invasive and native grass species contrasts with increased 
water use efficiency for woody plants in the US Southwest. Global Change Biol. 23 
(2), 782–792. 

ESA, 2017. Land Cover CCI Product User Guide Version 2 Technique Report. 
Fan, X., Jia, Z., Dai, X., Sun, N.a., Han, F., Lu, J., 2019. Ecological quality dynamics 

around marine reserves in the Bohai Sea coastal zone and their relationship with 
landscape artificialization. Global Ecology and Conservation. 20, e00778. https:// 
doi.org/10.1016/j.gecco.2019.e00778. 

Fang, C., Wei, L., Huang, W., Xiao, F., 2010. A water quality evaluation method of 
projection pursuit regression based on ant colony algorithm in Nanning urban river. 
In: 2010 4th International Conference on Bioinformatics and Biomedical 
Engineering. IEEE, pp. 1–6. 

Fang, C.L., 2009. The problems of resources and environment protection in the process of 
China’s rapid urbanization and countermeasures. Bulletin of Chinese Academy of 
Sciences. 24, 468–474. 

Fang, H., Baret, F., Plummer, S., Schaepman-Strub, G., 2019. An overview of global Leaf 
Area Index (LAI): Methods, Products, Validation, and Applications. Rev. Geophys. 57 
(3), 739–799. 

H. Feng J. Zhou A. Zhou G. Bai Z. Li H. Chen D. Su X.u. Han Grassland ecological 
restoration based on the relationship between vegetation and its below-ground 
habitat analysis in steppe coal mine area 778 2021 146221 10.1016/j. 
scitotenv.2021.146221. 

Friedman, J.H., Tukey, J.W., 1974. A projection pursuit algorithm for exploratory data 
analysis. IEEE Transactions on computers. C-23 (9), 881–890. 

Garland, G., Banerjee, S., Edlinger, A., Miranda Oliveira, E., Herzog, C., Wittwer, R., 
Philippot, L., Maestre, F.T., Heijden, M.G.A., Hector, A., 2021. A closer look at the 
functions behind ecosystem multifunctionality: A review. J. Ecol. 109 (2), 600–613. 

Geller, G.N., Halpin, P.N., Helmuth, B., Hestir, E.L., Skidmore, A., Abrams, M.J., 
Aguirre, N., Blair, M., Botha, E., Colloff, M., Dawson, T., Franklin, J., Horning, N., 
James, C., Magnusson, W., Santos, M.J., Schill, S.R., Williams, K., 2017. In: The GEO 
Handbook on Biodiversity Observation Networks. Springer International Publishing, 
Cham, pp. 187–210. https://doi.org/10.1007/978-3-319-27288-7_8. 

Ghosh, A., Maiti, R., 2021. Development of new Ecological Susceptibility Index (ESI) for 
monitoring ecological risk of river corridor using F-AHP and AHP and its application 
on the Mayurakshi river of Eastern India. Ecological Informatics. 63, 101318. 
https://doi.org/10.1016/j.ecoinf.2021.101318. 

Gillespie, T.W., 2005. Predicting woody-plant species richness in tropical dry forests: a 
case study from South Florida. USA. Ecol. Appl. 15 (1), 27–37. 

Gong, P., Li, X., Wang, J., Bai, Y., Chen, B., Hu, T., Liu, X., Xu, B., Yang, J., Zhang, W., 
Zhou, Y., 2020. Annual maps of global artificial impervious area (GAIA) between 
1985 and 2018. Remote Sens. Environ. 236, 111510. https://doi.org/10.1016/j. 
rse.2019.111510. 

Gu, Z., Xie, Y., Gao, Y., Ren, X., Cheng, C., Wang, S., 2018. Quantitative assessment of 
soil productivity and predicted impacts of water erosion in the black soil region of 
northeastern China. Sci. Total Environ. 637-638, 706–716. 

N. Guo A.A. Degen B. Deng F.Y. Shi Y. Bai T. Zhang R.J. Long Z.H. Shang Changes in 
vegetation parameters and soil nutrients along degradation and recovery successions 
on alpine grasslands of the Tibetan plateau Agriculture, Ecosystems and 
Environment. 284 2019 106593 106593. 

Hang, X., Luo, X.C., Cao, Y., Li, Y.C., 2020. Ecological quality assessment and the impact 
of urbanization based on RSEl model for Nanjing, Jiangsu Province, China. Chinese 
Journal of Applied Ecology. 31. 

Hazbavi, Z., Sadeghi, S.H., Gholamalifard, M., Davudirad, A.A., 2020. Watershed health 
assessment using the pressure-state-response (PSR) framework. Land Degrad. Dev. 
31 (1), 3–19. 

Holdren, J.P., Ehrlich, P.R., 1974. Human Population and the Global Environment: 
Population growth, rising per capita material consumption, and disruptive 
technologies have made civilization a global ecological force. Am. Sci. 62, 282–292. 

Hsu, H.H., Hsieh, C.W., 2010. Feature Selection via Correlation Coefficient Clustering. 
J. Softw. 5, 1371–1377. 

Hu, C., Shui, B., Li, W., Yang, X., Zhang, X., 2018. Assessing the ecological quality status 
of transplanted mangrove wetland in the Oujiang estuary. China. Mar. Pollut. Bull. 
133, 1–8. 

Hu, X., Xu, H., 2018. A new remote sensing index for assessing the spatial heterogeneity 
in urban ecological quality: A case from Fuzhou City. China. Ecol. Indicators. 89, 
11–21. 

Hu, Z., 2018. Projection pursuit water quality evaluation model based on chicken swam 
algorithm. Proc. AIP Publishing LLC, AIP Conf, p. 020072. 

Huang, L., Shao, Q., Liu, J., Kuang, W., 2010. Analysis on the ecological effects of 
Mountain-River-Lake Forestry Program based on farmer interview along a transect. 
Acta Ecologica Sinica. 30, 5346–5354. 

Hughes, K.A., Convey, P., 2010. The protection of Antarctic terrestrial ecosystems from 
inter- and intra-continental transfer of non-indigenous species by human activities: A 
review of current systems and practices. Global Environ. Change. 20 (1), 96–112. 

Hutchinson, M.F., 1991. The application of thin plate smoothing splines to continent- 
wide data assimilation. In: Jasper, J.D. (Ed.), BMRC Research Report No.27, Data 
Assimilation Systems. Bureau of Meteorology, Melbourne.  

Hutchinson, M.F., 1998. Interpolation of rainfall data with thin plate smoothing splines: I 
two dimensional smoothing of data with short range correlation. Journal of 
Geographic Information and Decision Analysis 2 (2), 152–167. 

Jia, H., Pan, D., Zhang, W., 2015. Health assessment of wetland ecosystems in the 
Heilongjiang River Basin. China. Wetlands. 35 (6), 1185–1200. 

Jiang, Q., Fu, Q., Wang, Z., 2011. Comprehensive evaluation of regional land resource 
carrying capacity based on particle swarm optimization projection pursuit model. 
Transactions of the Chinese Society of Agricultural Engineering. 27, 319–324. 

Jiang, W., Pan, Y., Hou, P., Li, X., Ji, W., Zheng, J.R., 2009. Assessment and analysis of 
wetland ecosystem health in Dongting Lake. Geographical Research. 28, 1665–1672. 

JPBS, et al., Jiangxi Provincial Bureau of Statistics, 2015. In: Wang, J. (Ed.), Jiangxi 
Statistical Yearbook 2015. China Statistics Press, Beijing.  

Ke, R., Mei, Z., 2010. Analysis on the influence of urbanization and Greenland- 
degradation on city thermal environment. Ecology and Environmental Sciences. 19, 
2023–2030. 

Kennedy, J., 1998. The behavior of particles. International Conference on Evolutionary 
Programming. Springer 579–589. 

Kennedy, J., Eberhart, R., 1995. Particle swarm optimization, Proceedings of ICNN’95- 
International Conference on Neural Networks. IEEE, pp. 1942-1948. 

D. Kim J. Baik M. Umair M. Choi Water use efficiency in terrestrial ecosystem over East 
Asia: Effects of climate regimes and land cover types Sci. Total Environ. 773 2021 
145519 145519. 

Knyazikhin, Y., Martonchik, J.V., Myneni, R.B., Diner, D.J., Running, S.W., 1998. 
Synergistic algorithm for estimating vegetation canopy leaf area index and fraction 
of absorbed photosynthetically active radiation from MODIS and MISR data. Journal 
of Geophysical Research: Atmospheres. 103 (D24), 32257–32275. 
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