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Abstract
Evaluation of the ecosystem service functions of haze absorption by green space is important for control-
ling haze. In this study, the ecosystem service functions of haze absorption by green space in China in 
2001, 2004, 2007, 2010, 2013, 2016 and 2018 are analyzed based on green space quality and sensitiv-
ity using a geographic information system (GIS) and Moderate Resolution Imaging Spectroradiometer 
(MODIS) imagery. The results showed that the benchmark ecosystem service functions of haze absorption 
by green space when considering only the area of green space showed a trend that increases first and then 
decreases in 2001–2018, with 9000458.55 million Kg, 9145110.75 million Kg and 7734526.75 million 
Kg in 2001, 2013 and 2018, respectively. However, the corrected functions based on green space quality 
were 7724215.34 million Kg, 8320301.79 million Kg and 6510132.55 million Kg in the corresponding 
years. This indicated large differences between ecosystem service functions of haze absorption based on the 
quality and area of green space; only considering the area of green space to evaluate ecosystem service func-
tions will result in overestimation. In terms of the spatial distribution of the ecosystem service functions of 
haze absorption by green space, there were greater differences in the benchmark and corrected functions, 
and the spatial distributions of the maximum, intermediate and minimum ecosystem service functions 
were notably different. However, the benchmark and corrected functions all showed a consistent trend 
in the rank of their contribution rates and ecosystem service functions as well as consistent distribution 
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trends: the spatial distribution of ecosystem service functions of haze absorption by green space was very 
different in the same year, but there was little difference among different years. The change coefficients for 
the ecosystem service functions of haze absorption by arable land and grass land remained stable, whereas 
the coefficient of sensitivity for forest cover was elastic. Patch density (PD) and the ecosystem service func-
tions of SO2 absorption, NOx absorption, dust retention and total ecosystem services showed a significant 
negative correlation, with correlation coefficients of -0.407, -0.511, -.330 and -0.332, respectively. In 
contrast, the area-weighted mean shape index (SAPE_AM) and ecosystem service functions exhibited sig-
nificant positive relationships with correlation coefficients of 0.650, 0.634, 0.568 and 0.570, respectively. 
The results provide an improved method for evaluating the ecosystem service functions of haze absorption 
by green space as well as a reference for the prevention and control of haze and the coordinated develop-
ment of regional societies, the economy and the environment.
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Introduction

In recent years, the frequent occurrence of haze in China has seriously threatened hu-
man health and environmental safety, becoming a major livelihood and environmental 
problem that cannot be ignored and needs to be solved. Exploring haze absorption 
from the perspective of ecosystem services is of great practical significance for scientific 
formulation of effective haze control policies (Hong et al. 2013; Song et al. 2019).

Haze, a kind of disastrous weather occurring in the near-ground atmospheric lay-
er, is the result of interaction between specific climatic conditions and human activi-
ties (Chuai et al. 2019). Haze is composed of dust, sulfuric acid (H2SO4), nitric acid 
(HNO3), organic hydrocarbons and other particles in the air, and of these materials, 
SO2, NOX and respirable particulate matter are the main components; the first two are 
gaseous pollutants, while particulate matter is the main hazardous component (Yu et 
al. 2018). Sulfur dioxide and NOX are the main gaseous components of haze. Atmos-
pheric SO2 is mainly derived from the combustion of sulfur-containing fuel, which is 
harmful to the human respiratory tract, and high levels of SO2 can damage leaf tissue. 
Furthermore, SO2 is involved in the formation of H2SO4 fumes and acid rain, which 
is very harmful to human health. Nitrogen oxides are mainly derived from emissions 
from automotive exhaust and stationary combustion sources, and they can weaken the 
ability of blood to transport oxygen, seriously endanger human health, and contribute 
to atmospheric photochemical pollution (Sun et al. 2018). Areas with high densities of 
economic and social activities will inevitably discharge a large amount of fine particles 
(PM2.5), and once the discharge exceeds the atmospheric circulation capacity and bear-
ing capacity, fine particulates will accumulate, contributing to a wide range of haze 
events (Green and Xu 2007; Waters et al. 1998). There are two main aspects of haze 
production. The first includes human factors such as automobile exhaust, coal waste 



Evaluation and sensitivity analysis of the ecosystem service functions... 95

gas, industrial emissions, construction and road traffic dust, climate change, waste 
incineration, and even volcanic eruptions (Hansen et al. 2019). The role of different 
sources of pollution varies in different haze regions. In addition, haze is affected by 
meteorological factors such as weather that is not conducive to the spread of pollut-
ants, and when pollutants accumulate under static weather conditions, haze is readily 
formed. Secondly, meteorological factors, the static wind in the horizontal direction 
and the inverse temperature in the vertical direction cause pollutants to gather and lead 
to the formation of haze weather (Li et al. 2019; Wu et al. 2016).

The hazards of haze include the following aspects: on the one hand, haze reduces 
visibility, increases the frequency of traffic accidents, and has an important impact on 
highways, railways, aviation, shipping, and power supply systems (Xue et al. 2018). On 
the other hand, haze also causes a decline in air quality, threatens human health, and 
increases the incidence and mortality of diseases in the respiratory tract, cardiovascular 
and reproductive systems (Ramakreshnan et al. 2018). Furthermore, haze can result in a 
weakening of near-surface ultraviolet light, resulting in an increase in the infectious bac-
teria in the air. Due to the reduced sunshine during haze weather, the ultraviolet radia-
tion received by children is insufficient and not conducive to growth. Additionally, haze 
weather will reduce crop yields and quality but can also impact the atmospheric radiation 
budget, thereby impacting the climate system of the earth (Thach et al. 2010). In 2017, 
China implemented new air quality standards and monitored 338 cities, of which only 
99 meet the annual average air quality standards and 239 exceed them. The frequent 
occurrence of haze weather affects the physical and mental health of the public and the 
sustainable development of the ecological environment (Zhang et al. 2016).

Haze is affected by pollution sources (Wang et al. 2015), meteorological condi-
tions (Bei et al. 2016) and vegetation coverage (Ye et al. 2016; Zhang 2019). Reducing 
pollutant emissions is accomplished by actions such as reducing vehicle pollution and 
dust, controlling industrial pollution and the emission of NH3 in agricultural areas, 
reducing the unorganized combustion of biomass and concentration of air pollutants, 
and coping with haze pollution (An et al. 2019; Yang et al. 2016). Some researchers 
have also explored the response mechanism of haze weather to meteorological condi-
tions; rainfall through wet sedimentation and wind speed can accelerate the diffu-
sion of pollutants to alleviate haze (Gao et al. 2015; Zhang et al. 2015a). However, 
meteorological conditions are external causes and are uncontrollable, while pollution 
sources are internal causes and are closely related to human activities, although pollu-
tion source treatment methods are not yet complete and immature. Previous studies 
have shown that vegetation leaf area (Gómez-Moreno et al. 2019; Setälä et al. 2013), 
vegetation coverage (De Carvalho and Szlafsztein 2019; Zhang 2019) and plant com-
munity structure (Pandey et al. 2014; Selmi et al. 2016) can absorb and block air 
pollutants, and vegetation coverage is relatively stable, which can effectively alleviate 
haze pollution. Therefore, there is still important significance for research on haze ab-
sorption by green space. Green space can effectively reduce haze, and it not only has a 
very important dust retention function but can absorb and convert toxic substances, 
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be used to reduce the concentration of atmospheric particulate matter, and keep the air 
fresh through photosynthesis (Freer-Smith et al. 2004; Liu and Shen 2014).

Green space is an important part of social, economic and natural systems (Rysgaard 
et al. 1999). These spaces are completely undeveloped or basically undeveloped natural 
areas where the natural landscape is restored or where the land is reserved to offset urban 
construction. They primarily include arable land, forest cover and grass land and pro-
vide important ecological service functions such as air purification, water source conser-
vation, climate regulation and biodiversity maintenance (Green et al. 2016). With rapid 
urbanization to meet the needs of the expanding population on limited land, vegetation 
is gradually being replaced by buildings (Cuffney et al. 2010). Therefore, green space 
is constantly being reduced and destroyed, and ecosystem service functioning is being 
severely diminished or is disappearing, thus weakening the maintenance and regulation 
of the urban environment. Thus, increasing the footprint of the urban environment 
results in more serious air pollution and increased haze in cities, and many countries are 
seeking sustainable social, economic and environmental development to maintain the 
various types of natural resources and simultaneously achieve both economic and eco-
logical benefits. Urban green space (UGS) can, to a certain extent, alleviate the adverse 
effects of urbanization, produce urban cooling effects and increase moisture availability, 
and ease urban heat island effects as well as reduce surface runoff and maintain high 
evaporation rates and surface permeability. A reasonable amount of green space can 
control the unlimited expansion of a city and improve the urban environment. There-
fore, green space is the core of the healthy development of urban ecosystems (Margaritis 
and Kang 2016; Park et al. 2017). Green vegetation plays a key role in UGS ecosystems 
and air purification. First, green vegetation has the unique physiological function of 
performing photosynthesis, relying on leaf pores to convert gas pollutants, such as sul-
fur dioxide (SO2) and nitrogen oxides (NOX), into non-toxic substances through redox 
processes; these products are then accumulated in plant organs or excreted by the root 
system. Second, foliage secretes bactericides and mucus that can absorb particles and 
retain dust. Third, vegetation can reduce wind speeds, reducing sedimentation. Finally, 
vegetation blocks and inhibits dust, thereby reducing particulate levels. Haze is mainly 
composed of SO2, NOX, and respirable particulate matter, and green space can purify 
the air of these materials (Han and Zhou 2015).

Previous studies on green space have focused on the impacts of heat island mitigation 
(Alavipanah et al. 2015; Heusinkveld et al. 2014), climate regulation (Maimaitiyim-
ing et al. 2014), and ecosystem services monitoring and evaluation (Kopperoinen et al. 
2014). Kuttler and Strassburger (Kuttler and Strassburger 1999) investigated the influ-
ence of traffic-induced pollutants (e.g., carbon monoxide (CO), nitrogen oxide (NO), 
nitrogen dioxide (NO2) and ozone (O3)) on the air quality of urban green areas in the 
city of Essen, North Rhine-Westphalia (NRW), Germany. Zoulia et al. (Zoulia et al. 
2009) monitored the effect of urban green areas on the heat island in Athens, Greece. 
Hamada and Ohta (Hamada and Ohta 2010) measured air temperatures in an urban 
green area that includes forest and grass land as well as the surrounding urban area for a 
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full year in Nagoya, central Japan to elucidate seasonal variations in the differences in air 
temperature between urban and green areas. Mahmoud and El-Sayed (Mahmoud and 
El-Sayed 2011) studied sustainable urban green areas in Egypt, and the results revealed 
that greenways could play a more significant role in bringing nature into the city. Sa-
phores and Li (Saphores and Li 2012) used a hedonic pricing analysis of the single-family 
housing market to estimate the functions of urban green areas in Los Angeles, California, 
USA. Larondelle and Haase (Larondelle and Haase 2013) evaluated the climate regula-
tion, cooling and entertainment features of urban ecosystems in Europe, and the results 
showed that the core of the city does not necessarily provide fewer ecosystem services. 
Chen et al. (Chen et al. 2015) investigated the impact of reclaimed water irrigation on 
soil health in urban green areas. Ozimec et al. (Ozimec et al. 2016) monitored air pol-
lution by using lichens in the green space of the university campus in Osijek, Croatia, 
and the results showed that the air is moderately polluted. Selmi et al. (Selmi et al. 2016) 
employed the i-Tree Eco model to estimate air pollution removal by urban trees in Stras-
bourg, France, and the model showed that public trees managed by the city removed ap-
proximately 88 t of pollutants during a one-year period (from July 2012 to June 2013).

The dust retention and atmospheric pollutant absorption effects of green space 
have mostly explored the functional effects of different plant species based on indi-
vidual differences in the levels of green space and have been limited to small scales 
(Devuyst et al. 2001). Beckett et al. demonstrated that trees can act as biological filters, 
removing large amounts of airborne particles, thus improving the air quality in pol-
luted environments due to their large leaf areas relative to the ground on which they 
stand and the physical properties of their surfaces (Beckett et al. 1998). Davies and 
Unam monitored and analyzed the relationship between smoke-haze from the 1997 
Indonesian forest fires and three tree species (Davies and Unam 1999). McDonald et 
al. estimated the potential of urban tree planting to mitigate urban PM10 using an at-
mospheric transport model to simulate particulate transport and deposition across two 
UK conurbations, and the results indicated that increasing the total tree cover in West 
Midlands from 3.7% to 16.5% removed 110 t of primary PM10 from the atmosphere 
per year (McDonald et al. 2007). However, few studies have been carried out on the 
national scale, and the ecosystem service functions of haze absorption by green space 
based on its quality have not been explored. On this basis, the correlation between ab-
sorbing haze and the landscape pattern of green space and its sensitivity to the change 
of ecosystem service functions have been analyzed.

The objectives of this study were: 1) comparison and analysis of the spatial and 
temporal patterns of the benchmark and corrected values of ecosystem service func-
tions of haze absorption based on the quality of green space; 2) sensitivity analysis of 
changes in ecosystem service functions; 3) determination of the relationship between 
the landscape pattern and the ecosystem service functions of haze absorption by green 
space, providing a scientific basis for the quantitative evaluation of air pollution regula-
tion using service functions, green space planning and urban ecological construction 
of green space in China.
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Materials and methods

Ecosystem service functions of haze absorption by green space per unit area

The main components of haze are SO2, NOX and particulate matter. The uptake of 
haze material by types of green space per unit area (Jin et al. 2005; Ye et al. 1998) 
(Table 1) and green space area were used to calculate the ecosystem service functions of 
haze absorption by green space (Han and Zhou 2015; Kuttler and Strassburger 1999).

Calculation of the ecosystem service functions of haze absorption by green space

The ecosystem service functions of haze absorption by green space include the absorp-
tion of SO2, NOX and respirable particulate matter. According to the various types of 
green space and the ecosystem service functions of haze absorption by each type of 
green space per unit area, the total ecosystem service functions of haze absorption by 
green space in China can be calculated from formula (1) (Han and Zhou 2015; Kuttler 
and Strassburger 1999).

3 3

1 1
i ij

i j
ESF A F

= =

= ∑∑ 	 (1)

where ESF is the total ecosystem service functions of haze absorption by green space; 
Ai is the area of green space type i; Fij is the ecosystem service of absorbing haze com-
ponent j by green space i per unit area; i is the green space type including forest cover, 
grass land and arable land; and j is the haze component including SO2, NOX and 
particulate matter.

Ecosystem service functions correction based on green space quality

Both the ecosystem itself and its spatial heterogeneity affect ecosystem service func-
tions. Considering the ecological system, the quality of green space plays an impor-
tant role in its function, and the vegetation coverage (normalized difference vegetation 

Table 1. The uptake of haze components by green space per unit area (kg·ha-1·yr-1).

Ecosystem service Green space types
Arable land Forest cover Grass land Total

Absorption of sulfur dioxide 45.00 152.13 279.03 476.16
Absorption of nitrogen oxides 33.50 6.00 6.00 45.50
Dust retention 0.95 21655.00 1.20 21657.15
Total 79.45 21813.13 286.23 22178.81

Note: “yr” refers to annum.
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index (NDVI)) and net primary productivity (NPP) affect the corresponding service 
functions. The above ecosystem service functions calculation is only based on the land 
use area, without considering the impact of green space quality, so the results cannot 
reflect the true ecosystem service functions of haze absorption by green space. Using 
NDVI and NPP as evaluation indicators of green space quality and the correction 
coefficient to adjust the ecosystem service functions, the formula for the calculation is 
as follows (Gao et al. 2012):

min

max min

i
i

NDV NDVIf
NDVI NDVI

−=
− 	 (2)

mean mean 

/ 2i i
i

NPP fQ
NPP f

 
= + 

  	 (3)

iESF ESF Q′ = × 	 (4)

where fi and NPPi are the NDVI and NPP of grid I, respectively; NPPmean and fmean are 
the mean NPP and NDVI values of various ecosystems in the study region, respec-
tively; NDVImax and NDVImin are the maximum and minimum NDVI values for the 
entire growing season; Qi is the green space quality coefficient; ESF is the ecosystem 
service functions before the green space quality correction; and ESF` is the ecosystem 
service functions after the green space quality correction.

Sensitivity analysis

To reflect the dependence of ecosystem service functions on the ecological functions 
index over time, the economic elasticity coefficient is selected to calculate the coeffi-
cient of sensitivity (formula (6)) (Kreuter et al. 2001).

( )
( )

/

/
j i i

jk ik ik

ESF ESF ESF
CS

F F F

−
=

−
	

(5)

where ESF is the total ecosystem service functions; F is the functions coefficient; i and j 
are the initial and adjusted functions coefficients, respectively; k is the green space type; 
and CS is the coefficient of sensitivity. If CS > 1, the ESF for F is flexible, indicating 
that the total ecosystem service functions increase faster than the functions coefficient 
and that the proportion of the total ecosystem service functions and the functions coef-
ficient are increasing. However, if CS < 1, the ESF for F is inelastic. CS = 1 represents 
complete elasticity; CS = 0 represents complete inelasticity. A higher ratio indicates 
that the elasticity of the ecosystem service functions index is more important.
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Landscape pattern indices

Landscape pattern indices are used to describe the spatial organization of a landscape and 
provide a quantitative measure of the composition and spatial configuration of landscape 
structure. The interaction between landscape patterns and ecological processes as well 
as green space impacts haze absorption to different degrees. Based on previous research 
(Fang et al. 2014), we selected the landscape-level indices of patch density (PD), the in-
terspersion and juxtaposition index (IJI), the area-weighted mean shape index (SHAPE_
AM), and Shannon’s diversity index (SHDI) to study the relationship between landscape 
patterns and the ecosystem service functions of haze absorption by green space in China. 
Among these indices, SHAPE_AM was calculated by the formula from reference (Fang 
et al. 2014), and PD, IJI and SHDI were calculated by the following formulas.

1

1 n

i
i

PD N
A =

= ∑ 	 (6)

where PD is patch density; A is the total area of the landscape; Ni is the number of 
patches in landscape i; i is the landscape element; and n is the total number of patches 
in the landscape.

1 1 1
·ln

100
ln(0.5[ ( 1)])

m m
ik ik

i k

e e
E EIJI

m m
= = +

    −         = ×
− −

∑ ∑ 	
(7)

( )
1

·ln
m

i i
i

SHDI P P
=

= −∑ 	 (8)

where m is the total number of landscape types; i and k are the numbers of patches of 
types i and k, respectively; eik is the total boundary length of the patch types between 
patch types i and k; E is the total boundary length of the landscape, including the 
background; and pi is the perimeter of patch type i.

Correlation analysis

The ecosystem service functions of haze absorption by green space, including measures 
of the absorption of SO2 and NOX, dust retention and the total ecosystem service 
functions, were calculated for different provinces in China using a geographic infor-
mation system (GIS). The calculations of landscape pattern indexes including PD, IJI, 
SHAPE_AM, and SHDI for provinces of China were performed in FRAGSTATS. 
Correlations between landscape patterns and the absorption of SO2 and NOX, dust 
retention and total ecosystem service functions were calculated as Pearson correlation 
coefficients as follows:
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,
cov( , )

x y
X Y

X Yρ
σ σ

= 	 (9)

where cov (X, Y) represents the covariance between two variables, and σX and σY refer to 
the variance of the two variables. The Pearson correlation coefficient is used to measure 
the correlation between two variables. The value of this coefficient falls between 1 and 
-1: 1 represents a full positive correlation of the variables; 0 indicates that the variables 
are independent; and -1 indicates a completely negative correlation.

Research data

A MODIS land cover classification product (mod12q1) was used for the land use data 
for China in 2001, 2004, 2007, 2010, 2013, 2016 and 2018. The spatial resolution of 
this product is 500 m, and land use is divided into arable land, forest cover, grass land, 
construction land, unused land and water bodies. Because the ecosystem service func-
tions of haze absorption by water bodies are relatively small (Han and Zhou 2015), 
and few studies have been conducted on haze absorption by water bodies, it is difficult 
to obtain ecosystem service functions for the absorption of SO2 and NOX and dust 
retention by this land use type per unit area (Liu and Yu 2016), so the functions were 
not included as green space in this study. Therefore, green space in this study includes 
arable land, forest cover and grass land (Han and Zhou 2015; Kuttler and Strassburger 
1999). Both NDVI and NPP are MODIS data products for China in 2001, 2004, 
2007, 2010, 2013, 2016 and 2018 with a spatial resolution of 500 m, and in addition, 
the NPP data of NTSG (Numerical Terra-dynamic Simulation Group) was used as a 
supplement; the resolution of the data was 1 km × 1 km, and the annual NPP of the 
terrestrial ecosystem was obtained by using the NPP estimation model established by 
Biome-BGC and light energy utilization model. A dataset of the boundaries of the 
provinces in China was also included in this study.

Results and analysis

Analysis of the ecosystem service functions of haze absorption by green space in China

As shown in Table 2, the total ecosystem service functions (benchmark values) of haze 
absorption by green space in China were 9000458.55 million Kg in 2001, 8784710.32 
million Kg in 2004, 8900539.79 million Kg in 2007, 9179977.89 million Kg in 2010, 
9145110.75 million Kg in 2013, 7761608.74 million Kg in 2016 and 7734526.75 mil-
lion Kg in 2018. The ecosystem service functions of haze absorption by green space in 
China showed a trend of first increasing and then decreasing in 2001–2018, exhibiting 
an upward trend from 2001–2013 and increasing by 144652.20 million Kg (1.61%), 
primarily because the Chinese government invested 179 billion Yuan in a series of 
ecological restoration programs (Wang et al. 2007), including the Three North Shel-
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terbelt Development Program, the Conversion from Cropland to Forest Program and 
the Natural Forest Protection Program, to restore degraded ecological environments 
and to foster stable and sustainable development. The area of forest cover increased by 
6886085.77 ha (1.69%) between 2001 and 2013, but the ecosystem service functions 
fell by 1410584.00 million Kg from 2013–2018, a decrease of 15.42%, primarily be-
cause of adjustment of ecological land structure, the reduction of forest cover with high 
haze absorption ecological service function, the increase of grass land with low haze 
absorption function, and the reduction of arable land caused by the expansion of con-
struction land. The ecosystem service functions decreased by 215748.23 million Kg 
from 2001–2004, a decrease of 2.40%, and the main reasons are a reduction in the area 
of forest cover and grass land. In contrast, the ecosystem service functions increased 
by 115,829.48 million Kg from 2004–2007, an increase of 1.32%, mainly due to the 
increase in forest cover and grass land and the decrease in arable land that is largely 
attributed to the Program for Conversion from Cropland to Forest and Grass Land in 
China. Additionally, the ecosystem service functions increased by 279438.10 million 
Kg from 2007–2010, an increase of 3.14%, primarily due to an increase in forest cover 
and a reduction in arable land and grass land. From 2010–2013, the ecosystem service 
functions decreased by 34,867.15 million Kg, a reduction of 0.38%, mainly due to the 
decrease in forest cover and grass land and the increase in arable land. In comparison, 
the ecosystem service functions fell by 1,383,502.01 million Kg from 2013–2016, a 
decrease of 15.13%, primarily because of the increase in grass land and decrease in 
arable land and forest cover. The ecosystem service functions decreased by 27081.99 
million Kg from 2016–2018, a decrease of 0.35%, mainly attributable to a reduction 
in the area of forest cover and arable land.

The contributions to haze absorption by green spaces indicated that the types 
are very different (Table 2). The overall contribution of forest cover was the largest, 
and these proportions were 98.68%, 98.67%, 98.68%, 98.75%, 98.77%, 98.17% 
and 98.16% in 2001, 2004, 2007, 2010, 2013, 2016 and 2018, respectively. Grass 
land had the next largest contribution, accounting for 1.15%, 1.13%, 1.14%, 1.08%, 
1.05%, 1.67% and 1.67% in 2001, 2004, 2007, 2010, 2013, 2016 and 2018, respec-
tively. The total contribution of arable land was less than 1% from 2001–2018, mainly 
due to the large area of forest cover combined with the higher per-unit functions of 
respirable particulate matter and SO2 in the haze, both of which resulted in a higher 
contribution to ecosystem service functions from the other types. In contrast, the rela-
tively lower contributions from grass land and arable land were primarily due to the 
smaller per-unit functions of haze absorption.

The primary haze absorption ecological function by green space was primarily dust 
retention (Table 2), the functions of which accounted for 97.98%, 97.97%, 97.97%, 
98.04%, 98.06%, 97.47% and 97.46% of the total functions in 2001, 2004, 2007, 
2010, 2013, 2016 and 2018, respectively. Sulfur dioxide followed, accounting for 
1.90%, 1.89%, 1.90%, 1.83%, 1.82%, 2.40% and 2.41% of the total functions in 
2001, 2004, 2007, 2010, 2013, 2016 and 2018, respectively. The functions of NOX 
absorption from 2001–2018 were less than 1% of the total, primarily due to the lower 
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per-unit area function of the absorption of SO2 and NOX by various types of green 
space. However, the effect of dust retention was clear: the function of respirable par-
ticulate matter absorption by forest cover was especially high, indicating that green 
space plays an important role in dust removal and retention. Respirable particulate 
matter is the most important component of haze, so planning a reasonable amount of 
green space is conducive to reducing haze.

The ecosystem service functions (corrected value) of haze absorption by green space in 
China increased by 596086.46 million Kg (7.72%) from 2001–2013 (Table 3), while de-
creasing by 1810169.25 million Kg (21.76%) from 2013–2018: 7724215.34 million Kg 

Table 2. Ecosystem service functions (benchmark values) of haze absorption by green space in China in 
2001, 2004, 2007, 2010, 2013, 2016 and 2018 (106 Kg).

Green space 
types

Ecosystem 
service

2001 2004 2007 2010 2013 2016 2018

Arable land Absorption of 
sulfur dioxide

8591.57 9622.49 9006.41 8835.75 9329.70 6805.30 6864.45

Absorption 
of nitrogen 

oxides

6395.95 7163.41 6704.77 6577.72 6945.45 5066.17 5110.20

Dust retention 181.38 203.14 190.14 186.53 196.96 143.67 144.92
Total 15168.90 16989.04 15901.31 15600.00 16472.11 12015.14 12119.58

Percentage (%) 0.17 0.19 0.18 0.17 0.18 0.15 0.16
Forest cover Absorption of 

sulfur dioxide
61945.79 60457.74 61255.74 63225.21 62993.37 53141.91 52954.45

Absorption 
of nitrogen 

oxides

2443.14 2384.45 2415.92 2493.60 2484.46 2095.91 2088.52

Dust retention 8817696.60 8605879.12 8719471.22 8999815.52 8966814.78 7564504.47 7537820.05
Total 8882085.53 8668721.31 8783142.89 9065534.33 9032292.61 7619742.29 7592863.02

Percentage (%) 98.68 98.67 98.68 98.75 98.77 98.17 98.16
Grass land Absorption of 

sulfur dioxide
100608.06 96509.66 98942.51 96357.20 93922.48 126584.95 126285.53

Absorption 
of nitrogen 

oxides

2163.38 2075.25 2127.57 2071.97 2019.62 2721.96 2715.53

Dust retention 432.68 415.05 425.51 414.39 403.92 544.39 543.11
Total 103204.12 98999.97 101495.59 98843.57 96346.03 129851.31 129544.16

Percentage (%) 1.15 1.13 1.14 1.08 1.05 1.67 1.67
Total Absorption of 

sulfur dioxide
171145.43 166589.89 169204.66 168418.15 166245.56 186532.16 186104.43

Absorption 
of nitrogen 

oxides

11002.47 11623.11 11248.26 11143.30 11449.52 9884.05 9914.25

Dust retention 8818310.65 8606497.31 8720086.87 9000416.45 8967415.67 7565192.53 7538508.07
Total 9000458.55 8784710.32 8900539.79 9179977.89 9145110.75 7761608.74 7734526.75

Percentage (%) 100.00 100.00 100.00 100.00 100.00 100.00 100
Percentage 
(%)

Absorption of 
sulfur dioxide

1.90 1.89 1.90 1.83 1.82 2.40 2.41

Absorption 
of nitrogen 

oxides

0.12 0.13 0.13 0.12 0.13 0.13 0.13

Dust retention 97.98 97.97 97.97 98.04 98.06 97.47 97.46
Total 100.00 100.00 100.00 100.00 100.00 100.00 100

Percentage (%) 100.00 100.00 100.00 100.00 100.00 100.00 100
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in 2001, 7558663.89 million Kg in 2004, 7794138.04 million Kg in 2007, 8150709.06 
million Kg in 2010, 8320301.79 million Kg in 2013, 6515690.35 million Kg in 2016 
and 6510132.55 million Kg in 2018. In addition to the decrease of 165551.45 million 
Kg (2.14%) in 2001–2004, decrease of 1804611.45 million Kg (21.69%) in 2013–
2016 and decrease of 5557.80 million Kg (0.09%) in 2016–2018, the functions from 
2004–2007, 2007–2010 and 2010–2013 increased by 235474.15 million Kg (3.12%), 
356571.02 million Kg (4.57%) and 169592.74 million Kg (2.08%), respectively.

The contribution rate of the various types of green space to haze absorption varied 
greatly. The contribution rate of forest cover was the largest, accounting for 98.80%, 
98.86%, 98.89%, 98.97%, 99.03%, 98.29% and 98.22% of the total in 2001, 2004, 
2007, 2010, 2013, 2016 and 2018, respectively. The second was grass land, which ac-
counted for 0.96%, 0.86%, 0.84%, 0.79%, 0.72%, 1.58% and 1.65% of the total in 
2001, 2004, 2007, 2010, 2013, 2016 and 2018, respectively. Arable land made the 

Table 3. Ecosystem service functions (corrected values) of haze absorption by green space in China in 
2001, 2004, 2007, 2010, 2013, 2016 and 2018 (106 Kg).

Green space 
types

Ecosystem service 2001 2004 2007 2010 2013 2016 2018

Arable land Absorption of sulfur 
dioxide

10623.08 12214.32 11709.68 11281.32 11648.15 3912.29 3921.82

Absorption of 
nitrogen oxides

7908.29 9092.88 8717.21 8398.32 8671.40 2699.42 2691.12

Dust retention 224.27 257.86 247.20 238.16 245.91 1672.12 1884.59
Total 18755.64 21565.06 20674.09 19917.80 20565.45 8283.83 8497.53

Percentage (%) 0.24 0.29 0.27 0.24 0.25 0.13 0.13
Forest cover Absorption of sulfur 

dioxide
53221.67 52114.40 53757.20 56257.75 57464.17 45259.90 45242.86

Absorption of 
nitrogen oxides

2099.06 2055.39 2120.18 2218.80 2266.38 1776.64 1775.52

Dust retention 7575858.33 7418243.69 7652088.58 8008029.84 8179758.25 6357175.05 6347113.37
Total 7631179.06 7472413.48 7707965.96 8066506.39 8239488.80 6404211.47 6394131.50

Percentage (%) 98.80 98.86 98.89 98.97 99.03 98.29 98.22
Grass land Absorption of sulfur 

dioxide
72412.13 63058.21 63850.41 62667.81 58732.04 56177.81 56741.54

Absorption of 
nitrogen oxides

1557.08 1355.94 1372.98 1347.55 1262.92 1246.38 1260.91

Dust retention 311.42 271.19 274.60 269.51 252.58 45770.85 49501.07
Total 74280.63 64685.34 65497.99 64284.87 60247.54 103195.05 107503.52

Percentage (%) 0.96 0.86 0.84 0.79 0.72 1.58 1.65
Total Absorption of sulfur 

dioxide
136256.89 127386.94 129317.30 130206.88 127844.36 105350.00 105906.22

Absorption of 
nitrogen oxides

11564.44 12504.22 12210.37 11964.67 12200.70 5722.45 5727.55

Dust retention 7576394.02 7418772.74 7652610.38 8008537.51 8180256.73 6404618.02 6398499.03
Total 7724215.34 7558663.89 7794138.04 8150709.06 8320301.79 6515690.35 6510132.55

Percentage (%) 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Percentage 

(%)
Absorption of sulfur 

dioxide
1.76 1.69 1.66 1.60 1.54 1.62 1.63

Absorption of 
nitrogen oxides

0.15 0.17 0.16 0.15 0.15 0.09 0.09

Dust retention 98.09 98.15 98.18 98.26 98.32 98.30 98.29
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Percentage (%) 100.00 100.00 100.00 100.00 100.00 100.00 100.00
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smallest contribution, accounting for 0.24%, 0.29%, 0.27%, 0.24%, 0.25%, 0.13% 
and 0.13% of the total in 2001, 2004, 2007, 2010, 2013, 2016 and 2018, respectively.

The haze absorption by green space was dominated by dust retention, the func-
tions of which accounted for 98.09%, 98.15%, 98.18%, 98.26%, 98.32%, 98.30% 
and 98.29% of the total in 2001, 2004, 2007, 2010, 2013, 2016 and 2018, respec-
tively. The function of SO2 absorption accounted for 1.76%, 1.69%, 1.66%, 1.60%, 
1.54%, 1.62% and 1.63% of the total, and the function of NOX absorption accounted 
for 0.15%, 0.17%, 0.16%, 0.15%, 0.15%, 0.09% and 0.09% in 2001, 2004, 2007, 
2010, 2013, 2016 and 2018, respectively.

As can be seen from Figure 1, the correction based on green space quality reduced 
the functions by 1276243.21 million Kg (14.18%), 1226046.43 million Kg (13.96%), 
1106401.75 million Kg (12.43%), 1029268.84 million Kg (11.21%), 824808.96 
million Kg (9.02%), 1245918.40 million Kg (16.05%) and 1224394.20 million Kg 
(15.83%) in 2001, 2004, 2007, 2010, 2013, 2016 and 2018, respectively, compared 
with the benchmark values of the ecosystem service of haze absorption by green space. 
However, in terms of general trends, the benchmark and corrected values of ecosystem 
services of haze absorption by green space in China increased by 144652.20 million Kg 

Figure 1. Comparison of benchmark and corrected ecosystem service functions of haze absorption by 
green space in China in 2001, 2004, 2007, 2010, 2013, 2016 and 2018 based on the quality of green 
space (106 Kg).
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(1.61%) and 596086.46 million Kg (7.72%), respectively, from 2001–2013, while de-
creasing by 1410584.00 million Kg (15.42%) and 1810169.25 million Kg (21.76%), 
respectively, from 2013–2018, indicating that the ecosystem service functions based 
on green space quality differ greatly from the functions considering only the area green 
space. If only the green space area, and not the quality, is considered when evaluating 
the ecosystem service functions, the evaluation results will be too high. Nonetheless, 
the overall trends in the benchmark and corrected ecosystem service functions of haze 
absorption by green space in China are consistent during 2001–2013 and 2013–2018, 
showing first an increase and then a decreasing trend, indicating that the ecological 
restoration and conservation projects of the Chinese government have enhanced the 
ecosystem service functions of haze absorption by green space in 2001–2013, but the 
adjustment of ecological land structure and the expansion of construction land have 
led to a reduction in the ecosystem service functions of haze absorption in 2013–2018. 
The government should strengthen the restoration of forest vegetation with high haze 
absorption capacity and regulate the speed of urban expansion to improve the ability 
of haze absorption by ecological land.

Compared with the benchmark values, the contribution rates of the corrected value 
of haze absorption by forest cover increased by 0.11%, 0.19%, 0.21%, 0.21%, 0.26%, 
0.12% and 0.06% in 2001, 2004, 2007, 2010, 2013, 2016 and 2018, respectively, while 
the contribution rates of the corrected value of haze absorption by grass land decreased 
by 0.18%, 0.27%, 0.30%, 0.29%, 0.33%, 0.09% and 0.02%, whereas those of arable 
land increased by 0.07%, 0.09%, 0.09%, 0.07% and 0.07% in 2001, 2004, 2007, 2010 
and 2013 but decreased by 0.03% and 0.03% in 2016 and 2018, respectively.

The analysis of the ecosystem services functions of haze absorption by green space 
revealed that the corrected value of dust retention increased by 0.11%, 0.18%, 0.21%, 
0.21%, 0.26%, 0.83% and 0.83% compared with the benchmark value in 2001, 
2004, 2007, 2010, 2013, 2016 and 2018, respectively. The corrected value of SO2 
absorption decreased by 0.14%, 0.20%, 0.24%, 0.24%, 0.28%, 0.79% and 0.78% in 
2001, 2004, 2007, 2010, 2013, 2016 and 2018, respectively. The corrected value of 
NOX absorption in 2001, 2004, 2007, 2010 and 2013 increased by 0.03%, 0.03%, 
0.03%, 0.03% and 0.02%, respectively, although the value decreased by 0.04% and 
0.04% in 2016 and 2018, respectively. These results indicated that the benchmark 
and corrected values of the contribution rates of haze absorption by different types of 
green space and thus the ecosystem service functions are different, but all the functions 
exhibited a consistent trend. The contribution rates were ranked as forest cover, grass 
land and arable land, and the order of ecosystem service function was dust retention, 
SO2 absorption, and NOX absorption.

Spatial distribution of the ecosystem service functions of haze absorption by green 
space in China

Figures 2–8 (benchmark values) show that the ecosystem service functions of haze ab-
sorption by green space had different spatial distributions in China from 2001–2018. 
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In general, different ecosystem service functions had very different spatial distributions 
within the same year, while the spatial distribution of ecosystem service functions ex-
hibited little difference between different years.

The maximum ecosystem service functions for the absorption of SO2 (Fig. 2a), 
dust retention (Fig. 2c) and the total ecosystem services (Fig. 2d) for green space 
were 80459.35–100608.06 million Kg, 440884.21–8817697.00 million Kg and 
69663.42–8882085.53 million Kg, respectively, in 2001. These services were primar-
ily distributed in the northwestern, central-southern and northeastern regions, which 
is consistent with the spatial distributions of the different ecosystem service functions 
presented in Figures 3–8 (a, c, d) for 2004, 2007, 2010, 2013, 2016 and 2018, re-
spectively. In contrast, the minimum ecosystem service functions for the absorption of 
NOX (Fig. 2b) by green space were 0–964.80 million Kg in 2001, and high values for 
this service occurred mainly in the eastern and northeastern zones, which is inconsist-
ent with the spatial distribution of NOX absorption in Figures 3–8b for 2004, 2007, 
2010, 2013, 2016 and 2018, respectively.

However, compared with the maximum and minimum values, intermediate ecosys-
tem service functions for the absorption of SO2 (Fig. 2a) by green space were 7719.35–
27868.06 million Kg and 27868.06–80459.35 million Kg in 2001, and these functions 
were mainly distributed in the northwestern, southwestern, central, northeastern and 
eastern regions, which is consistent with the spatial distribution of the absorption of 

Figure 2. Spatial distribution of the ecosystem service functions of haze absorption by green space in 
China in 2001 (106 Kg) (a, b, c and d are the absorption of sulfur dioxide and nitrogen oxides, dust reten-
tion, and the total ecosystem service functions, respectively).
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Figure 3. Spatial distribution of the ecosystem service functions of haze absorption by green space in 
China in 2004 (106 Kg) (a, b, c and d are the absorption of sulfur dioxide and nitrogen oxides, dust reten-
tion, and the total ecosystem service functions, respectively).

Figure 4. Spatial distribution of the ecosystem service functions of haze absorption by green space in 
China in 2007 (106 Kg) (a, b, c and d are the absorption of sulfur dioxide and nitrogen oxides, dust reten-
tion, and the total ecosystem service functions, respectively).
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Figure 5. Spatial distribution of the ecosystem service functions of haze absorption by green space in 
China in 2010 (106 Kg) (a, b, c and d are the absorption of sulfur dioxide and nitrogen oxides, dust reten-
tion, and the total ecosystem service functions, respectively).

Figure 6. Spatial distribution of the ecosystem service functions of haze absorption by green space in 
China in 2013 (106 Kg) (a, b, c and d are the absorption of sulfur dioxide and nitrogen oxides, dust reten-
tion, and the total ecosystem service functions, respectively).
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Figure 7. Spatial distribution of the ecosystem service functions of haze absorption by green space in 
China in 2016 (106 Kg) (a, b, c and d are the absorption of sulfur dioxide and nitrogen oxides, dust reten-
tion, and the total ecosystem service functions, respectively).

Figure 8. Spatial distribution of the ecosystem service functions of haze absorption by green space in 
China in 2018 (106 Kg) (a, b, c and d are the absorption of sulfur dioxide and nitrogen oxides, dust reten-
tion, and the total ecosystem service functions, respectively).
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SO2 in Figures 3–8a for 2004, 2007, 2010, 2013, 2016 and 2018, respectively. In ad-
dition, intermediate values for NOX absorption (Fig. 2b) were 964.80–2266.90 million 
Kg and 2266.90–4024.24 million Kg in 2001, and these functions were mainly in the 
western, central-northern, central-southern, southern and southeastern regions, which 
is in accordance with the spatial distribution of the absorption of NOX in Figures 3–8b 
for 2004, 2007, 2010, 2013, 2016 and 2018, respectively.

Intermediate ecosystem service functions for dust retention (Fig. 2c) by green space 
were 900.52–63259.00 million Kg and 63259.00–440884.21 million Kg in 2001, and 
these functions were mainly distributed in the northwestern, southwestern, central-
northern and northeastern regions, which is consistent with the spatial distribution 
of dust retention in Figures 3–8 (c) for 2004, 2007, 2010, 2013, 2016 and 2018, re-
spectively. Furthermore, intermediate values for total ecosystem services (Fig. 2d) were 
8329.85–35420.81 million Kg and 35420.81–69663.42 million Kg in 2001, and these 
values were mainly in the northwestern, southwestern, southern, eastern and north-
eastern regions, which is in accordance with the spatial distribution of total ecosystem 
services in Figures 5–7d for 2010, 2013 and 2016, respectively, but is inconsistent 
with Figures 3–4 and 8d for 2004, 2007 and 2018, during which these functions were 
mainly distributed in the northwestern, southwestern, and central regions.

As shown in Figures 9–15 (corrected values), the maximum ecosystem service 
functions of SO2 absorption (Fig. 9a), dust retention (Fig. 9c) and total ecosystem 
services (Fig. 9d) by green space were 53386.20–72412.13 million Kg, 5681893.88–
7575858.50 million Kg and 5723384.25–7631179.00 million Kg in 2001, respec-
tively, and were mainly in the southeastern, central-southern and southwestern areas, 
which is in accordance with the spatial distributions of the different ecosystem service 
functions presented in Figures 10–15 (a, c, d) for 2004, 2007, 2010, 2013, 2016 and 
2018, respectively.

In contrast, the intermediate ecosystem service functions of SO2 absorption (Fig. 
9a) by green space were 0–10506.86 million Kg and 10506.86–53386.20 million 
Kg in 2001 and were mainly distributed in the southwestern, central-northern and 
northeastern regions, which is consistent with the spatial distribution of SO2 absorp-
tion in Figures 10–15a for 2004, 2007, 2010, 2013, 2016 and 2018, respectively. 
Moreover, the intermediate ecosystem service functions of dust retention (Fig. 9c) by 
green space were 1893964.63–3787929.25 million Kg and 5681893.88–7575858.50 
million Kg in 2001 and occurred mainly in the northeastern, central and southeastern 
areas, which is in accordance with the spatial distribution of dust retention in Fig-
ures 9–15c for 2004, 2007, 2010, 2013, 2016 and 2018, respectively. Furthermore, 
the minimum values of the total ecosystem service functions (Fig. 9d) by green space 
were 0–1907794.75 million Kg in 2001 and occurred mainly in the western, central-
northern and southwestern zones, respectively, which is in accordance with the spatial 
distribution of the total ecosystem service functions (Figures 10–15d) in 2004, 2007, 
2010, 2013, 2016 and 2018.

The results show that there was a great difference in the spatial distributions 
of the benchmark and corrected values of haze absorption by green space, and 
the spatial distributions of the maximum, intermediate and minimum ecosystem 
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Figure 9. Spatial distribution of the ecosystem service functions of haze absorption by green space in 
China in 2001 (106 Kg) (a, b, c and d are the absorption of sulfur dioxide and nitrogen oxides, dust reten-
tion, and the total ecosystem service functions, respectively).

Figure 10. Spatial distribution of the ecosystem service functions of haze absorption by green space in 
China in 2004 (106 Kg) (a, b, c and d are the absorption of sulfur dioxide and nitrogen oxides, dust reten-
tion, and the total ecosystem service functions, respectively).
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Figure 11. Spatial distribution of the ecosystem service functions of haze absorption by green space in 
China in 2007 (106 Kg) (a, b, c and d are the absorption of sulfur dioxide and nitrogen oxides, dust reten-
tion, and the total ecosystem service functions, respectively).

Figure 12. Spatial distribution of the ecosystem service functions of haze absorption by green space in 
China in 2010 (106 Kg) (a, b, c and d are the absorption of sulfur dioxide and nitrogen oxides, dust reten-
tion, and the total ecosystem service functions, respectively).
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Figure 13. Spatial distribution of the ecosystem service functions of haze absorption by green space in 
China in 2013 (106 Kg) (a, b, c and d are the absorption of sulfur dioxide and nitrogen oxides, dust reten-
tion, and the total ecosystem service functions, respectively).

Figure 14. Spatial distribution of the ecosystem service functions of haze absorption by green space in 
China in 2016 (106 Kg) (a, b, c and d are the absorption of sulfur dioxide and nitrogen oxides, dust reten-
tion, and the total ecosystem service functions, respectively).
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Figure 15. Spatial distribution of the ecosystem service functions of haze absorption by green space in 
China in 2018 (106 Kg) (a, b, c and d are the absorption of sulfur dioxide and nitrogen oxides, dust reten-
tion, and the total ecosystem service functions, respectively).

service function values were obviously different. However, the spatial distributions 
of the benchmark and corrected values also exhibited the same trend. In the same 
year, the spatial distribution of the ecosystem service functions of haze absorption 
by green space was very different, but in different years, the difference in the spatial 
distribution of the ecosystem service functions of haze absorption by green space 
exhibited little difference.

Comparison of the ecosystem service functions of haze absorption by green space 
in different zones

Figures 16–22 (benchmark values) show that the spatial distribution of ecosystem 
service functions and the proportion of haze absorption by green space differed in 
different provinces in China. Overall, different ecosystem service functions exhibited 
different spatial distributions in the same year or between different years. Some spatial 
distributions were quite different; others were more similar.

The ecosystem service functions of the absorption of SO2 (Fig. 16a) and NOX 
(Fig.  16b) by green space were 2.74–30586.00 million Kg and 0.16–1207.44 mil-
lion Kg in 2001, respectively. The maximum and minimum values were primarily 
distributed in Xinjiang and in Shanghai, accounting for 17.88%, 0.02%, 10.98% and 
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Figure 16. Spatial distributions of the ecosystem service functions of haze absorption by green space 
in different regions of China in 2001 (106 Kg) (a, b, c, d and e are the absorption of sulfur dioxide and 
nitrogen oxides, dust retention, the total ecosystem service functions and the percent contribution of dif-
ferent ecosystem service functions to haze absorption in different zones, respectively).

0.14% of the total regional functions, respectively, The spatial distribution of these 
functions in 2001 was consistent with the absorption of SO2 and NOX in Fig. 17a 
and 17b but different from those shown in Figures 18–22a and 18–22b, which rep-
resent values for 2007, 2010, 2013, 2016 and 2018, respectively. Additionally, the 
functions of dust retention and total ecosystem services (Fig. 16c, d) for green space 
were 226.47–2729875.75 million Kg and 229.37–2761669.25 million Kg in 2001, 
respectively, and the maximum and minimum values for these services were primarily 
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in Xinjiang and Shanghai, accounting for 30.97%, 0.01%, 30.70% and 0.01% of the 
regional totals, which is consistent with the spatial distribution of dust retention and 
total ecosystem services in Figures 17–22c and Figures 17–22d in 2004, 2007, 2010, 
2013, 2016 and 2018, respectively. Most of the ecosystem service functions of haze 
absorption by green space were primarily from dust retention, which accounted for ap-
proximately 96% of the total. The functions for SO2 absorption were the next highest, 
accounting for approximately 3% of the total, while NOX accounted for approximately 

Figure 17. Spatial distribution of the ecosystem service functions of haze absorption by green space in 
different regions of China in 2004 (106 Kg) (a, b, c, d and e are the absorption of sulfur dioxide and 
nitrogen oxides, dust retention, the total ecosystem service functions and the percent contribution of dif-
ferent ecosystem service functions to haze absorption in different zones, respectively).



Ping Zhang et al.  /  Nature Conservation 70: 93–141 (2020)118

1% (Fig. 16e) in 2001, which is consistent with the percentages of the ecosystem 
service functions of haze absorption by green space in Figures 17–22e in 2004, 2007, 
2010, 2013, 2016 and 2018, respectively.

The ecosystem service functions of the absorption of SO2 (Fig. 18a) by green space 
were 1.39–30872.46 million Kg in 2007, and the maximum and minimum values 
were mainly distributed in Xinjiang and Shanghai, accounting for 18.25% and 0.02% 
of the regional totals, respectively. This distribution is in accordance with the spatial 

Figure 18. Spatial distribution of the ecosystem service functions of haze absorption by green space in 
different regions of China in 2007 (106 Kg) (a, b, c, d and e are the absorption of sulfur dioxide and 
nitrogen oxides, dust retention, the total ecosystem service functions and the percent contribution of dif-
ferent ecosystem service functions to haze absorption in different zones, respectively).
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distribution of the absorption of SO2 in Figures 19–20a in 2010 and 2013, respective-
ly. The ecosystem service functions of the absorption of NOX (Fig. 18b) by green space 
was 0.10–1222.60 million Kg in 2007, and the maximum and minimum values were 
mainly in Xinjiang and Shanghai, accounting for 10.87% and 0.13% of the regional 
totals, respectively. This distribution is consistent with the spatial distribution of the 
absorption of NOX in Figures 16b, 19b and Figures 21–22b in 2001, 2010, 2016 and 
2018, respectively.

Figure 19. Spatial distribution of the ecosystem service functions of haze absorption by green space in 
different regions of China in 2010 (106 Kg) (a, b, c, d and e are the absorption of sulfur dioxide and 
nitrogen oxides, dust retention, the total ecosystem service functions and the percent contribution of dif-
ferent ecosystem service functions to haze absorption in different zones, respectively).
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As shown in Figures 23–29 (corrected values), the ecosystem service functions of 
the absorption of SO2 (Fig. 23a) by green space were 0.73–11,739.97 million Kg in 
2001. The maximum and minimum values were primarily distributed in Yunnan and 
Shanghai, accounting for 8.62% and 0.03% of the total regional values, respectively. 
The spatial distribution of this value in 2001 was inconsistent with the absorption of 
SO2 in Figures 24–29a, which represent values for 2004, 2007, 2010, 2013, 2016 
and 2018, respectively. The ecosystem service functions of the absorption of NOX 

Figure 20. Spatial distribution of the ecosystem service functions of haze absorption by green space in 
different regions of China in 2013 (106 Kg) (a, b, c, d and e are the absorption of sulfur dioxide and 
nitrogen oxides, dust retention, the total ecosystem service functions and the percent contribution of dif-
ferent ecosystem service functions to haze absorption in different zones, respectively).



Evaluation and sensitivity analysis of the ecosystem service functions... 121

(Fig. 23b) by green space were 0.04–1206.36 million Kg in 2001, and the maximum 
and minimum values were mainly distributed in Heilongjiang and Ningxia, accounting 
for 10.43% and 0.11% of the regional totals, respectively, which is consistent with the 
spatial distribution of absorption of NOX in Figures 24–27b in 2004, 2007, 2010 and 
2013, respectively, but inconsistent with Figures 28–29b in 2016 and 2018, respec-
tively. The ecosystem service functions of the absorption of dust retention (Fig. 23c) 
and total ecosystem services (Fig. 23d) by green space were 58.62–930,837.56 million 

Figure 21. Spatial distribution of the ecosystem service functions of haze absorption by green space in 
different regions of China in 2016 (106 Kg) (a, b, c, d and e are the absorption of sulfur dioxide and 
nitrogen oxides, dust retention, the total ecosystem service functions and the percent contribution of dif-
ferent ecosystem service functions to haze absorption in different zones, respectively).
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Kg and 59.39–943211.69 million Kg in 2001. The maximum and minimum values 
were primarily distributed in Yunnan and Shanghai, accounting for 12.29%, 0.01%, 
12.21% and 0.01% of the total regional functions, respectively. The spatial distribu-
tion of this function in 2001 was consistent with the absorption of dust retention and 
total ecosystem services in Figures 24–27c and 24–27d, which represent functions for 
2004, 2007, 2010 and 2013, respectively, but inconsistent with the Figures 28–29c 
and 28–29d in 2016 and 2018, respectively.

Figure 22. Spatial distribution of the ecosystem service functions of haze absorption by green space in 
different regions of China in 2018 (106 Kg) (a, b, c, d and e are the absorption of sulfur dioxide and 
nitrogen oxides, dust retention, the total ecosystem service functions and the percent contribution of dif-
ferent ecosystem service functions to haze absorption in different zones, respectively).
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The results show that there was a great difference in the spatial distributions of the 
benchmark and corrected values of haze absorption by green space in different prov-
inces in China, and the maximum and minimum of ecosystem service functions were 
obviously different. However, the spatial distributions of the benchmark and corrected 
values also exhibited the same trend. In the same year, the spatial distribution of the 
ecosystem service functions of haze absorption by green space was very different in dif-
ferent province, but in different years, the difference in the spatial distribution of the 

Figure 23. Spatial distributions of the ecosystem service functions of haze absorption by green space 
in different regions of China in 2001 (106 Kg) (a, b, c, d and e are the absorption of sulfur dioxide and 
nitrogen oxides, dust retention, the total ecosystem service functions and the percent contribution of dif-
ferent ecosystem service functions to haze absorption in different zones, respectively).
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ecosystem service functions of haze absorption by green space exhibited little difference 
in different provinces.

Sensitivity analysis of the ecosystem service function coefficients for haze absorp-
tion by green space

The coefficient of sensitivity of the ecosystem service functions for different green space 
types was generally quite different from 2001–2018 (Table 4). The sensitivity coef-

Figure 24. Spatial distributions of the ecosystem service functions of haze absorption by green space 
in different regions of China in 2004 (106 Kg) (a, b, c, d and e are the absorption of sulfur dioxide and 
nitrogen oxides, dust retention, the total ecosystem service functions and the percent contribution of dif-
ferent ecosystem service functions to haze absorption in different zones, respectively).
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ficients for forest cover were elastic, while those of arable land and grass land were 
inelastic. The coefficients of sensitivity for forest cover were highest due to the large 
area of this cover type and the high ecosystem service functions coefficient for haze 
absorption by green space. The coefficients of sensitivity were 0.9868 in 2001, 2004 
and 2007, 0.9875 in 2010, 0.9877 in 2013, 0.9817 in 2016 and 2018, respectively, 
and the change rates were ± 49.3424%, ± 49.3398%, ± 49.3405%, ± 49.3767%, ± 
49.3832%, ± 49.0861% and ± 49.0842%, respectively. The coefficients of sensitivity 
for grass land were relatively small, with values of 0.0115 in 2001, 0.0113 in 2004, 
0.0114 in 2007, 0.0108 in 2010, 0.0105 in 2013, 0.0167 in 2016 and 2018, and the 

Figure 25. Spatial distributions of the ecosystem service functions of haze absorption by green space 
in different regions of China in 2007 (106 Kg) (a, b, c, d and e are the absorption of sulfur dioxide and 
nitrogen oxides, dust retention, the total ecosystem service functions and the percent contribution of dif-
ferent ecosystem service functions to haze absorption in different zones, respectively).



Ping Zhang et al.  /  Nature Conservation 70: 93–141 (2020)126

Figure 26. Spatial distributions of the ecosystem service functions of haze absorption by green space 
in different regions of China in 2010 (106 Kg) (a, b, c, d and e are the absorption of sulfur dioxide and 
nitrogen oxides, dust retention, the total ecosystem service functions and the percent contribution of dif-
ferent ecosystem service functions to haze absorption in different zones, respectively).

change rates for grass land were ± 0.5733%, ± 0.5635%, ± 0.5702%, ± 0.5384%, ± 
0.5268, ± 0.8365 and ± 0.8374%, respectively. The coefficients of sensitivity for ar-
able land were the smallest due to the low ecosystem service functions coefficient of 
haze absorption by green space. The values of this coefficient were 0.0017 in 2001, 
0.0019 in 2004, 0.0018 in 2007, 0.0017 in 2010, 0.0018 in 2013, 0.0015 in 2016, 
and 0.0016 in 2018, and the change rates were ± 0.0843%, ± 0.0967%, ± 0.0893%, 
± 0.0850%, ± 0.0901%, ± 0.0774% and ± 0.0783%, respectively.
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Relationship between landscape patterns and the ecosystem service functions of 
haze absorption by green space

To quantitatively understand the relationship between land use patterns and ecosystem 
service functions, a correlation analysis was conducted (Table 5). There were significant 
correlations between many landscape pattern metrics and ecosystem service functions, 
which indicated that landscape patterns significantly affected ecosystem service func-

Figure 27. Spatial distributions of the ecosystem service functions of haze absorption by green space 
in different regions of China in 2013 (106 Kg) (a, b, c, d and e are the absorption of sulfur dioxide and 
nitrogen oxides, dust retention, the total ecosystem service functions and the percent contribution of dif-
ferent ecosystem service functions to haze absorption in different zones, respectively).
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Figure 28. Spatial distributions of the ecosystem service functions of haze absorption by green space 
in different regions of China in 2016 (106 Kg) (a, b, c, d and e are the absorption of sulfur dioxide and 
nitrogen oxides, dust retention, the total ecosystem service functions and the percent contribution of dif-
ferent ecosystem service functions to haze absorption in different zones, respectively).

tions. The correlation coefficients between PD and the ecosystem service functions of 
SO2 absorption, NOx absorption, dust retention and total ecosystem services exhibited 
significant negative relationships with correlation coefficients of -0.407, -0.511, -0.330 
and -0.332, respectively. In contrast, the correlation coefficients between SHAPE_AM 
and the ecosystem service functions of SO2 absorption, NOx absorption, dust reten-
tion and total ecosystem services exhibited significant positive relationships with corre-
lation coefficients of 0.650, 0.634, 0.568 and 0.570, respectively. These results indicate 
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Figure 29. Spatial distributions of the ecosystem service functions of haze absorption by green space 
in different regions of China in 2018 (106 Kg) (a, b, c, d and e are the absorption of sulfur dioxide and 
nitrogen oxides, dust retention, the total ecosystem service functions and the percent contribution of dif-
ferent ecosystem service functions to haze absorption in different zones, respectively).

that PD and SHAPE_AM have important effects on different ecosystem service func-
tions. In general, the larger the PD, the smaller the ecosystem service functions; the 
larger the value of SHAPE_AM, the greater the ecosystem service functions.

The correlation coefficients between IJI and the ecosystem service functions of 
SO2 absorption, NOx absorption, dust retention and total ecosystem services exhibited 
significant negative relationships with correlation coefficients of -0.606, -0.507, -0.449 
and -0.452, respectively. The correlation coefficients between SHDI and the ecosystem 
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service functions of SO2 absorption, NOx absorption, dust retention and total eco-
system services also exhibited significant negative relationships with correlation coef-
ficients of -0.242, -0.316, -0.202 and -0.203, respectively. These results indicate that 
IJI and SHDI have important effects on different ecosystem service values. In general, 
the smaller the IJI and SHDI, the larger the ecosystem service functions.

Discussion

In this paper, the quality of green space is used to modify the ecosystem service func-
tions of haze absorption, making the quantitative assessment results of haze absorption 

Table 4. Sensitivity analysis of the ecosystem service functions of haze absorption by green space in China 
from 2001–2018.

Coefficient of 
sensitivity

Green space types
Arable land Forest cover Grass land

FC+50% FC-50% FC+50% FC-50% FC+50% FC-50%
2001 % 0.0843 -0.0843 49.3424 -49.3424 0.5733 -0.5733

CS 0.0017 – 0.9868 – 0.0115 –
2004 % 0.0967 -0.0967 49.3398 -49.3398 0.5635 -0.5635

CS 0.0019 – 0.9868 – 0.0113 –
2007 % 0.0893 -0.0893 49.3405 -49.3405 0.5702 -0.5702

CS 0.0018 – 0.9868 – 0.0114 –
2010 % 0.0850 -0.0850 49.3767 -49.3767 0.5384 -0.5384

CS 0.0017 – 0.9875 – 0.0108 –
2013 % 0.0901 -0.0901 49.3832 -49.3832 0.5268 -0.5268

CS 0.0018 – 0.9877 – 0.0105 –
2016 % 0.0774 -0.0774 49.0861 -49.0861 0.8365 -0.8365

CS 0.0015 – 0.9817 – 0.0167 –
2018 % 0.0783 -0.0783 49.0842 -49.0842 0.8374 -0.8374

CS 0.0016 – 0.9817 – 0.0167 –

Note: The coefficients of the ecosystem service functions of different land use types were adjusted up and down by 50% to analyze the 
coefficients of sensitivity for the three land use types and evaluate the changes in the ecosystem service functions caused by changes in 
the coefficients [1]. CS refers to the coefficients of sensitivity, and FC refers to functional coefficients.

Table 5. Correlation coefficients between landscape pattern metrics and different ecosystem service func-
tions of haze absorption by green space in China.

SO2 NOx DUST ALL PD SHAPE_AM IJI SHDI
SO2 1.000 0.772** 0.887** 0.891** -0.407** 0.650** -0.606** -0.242**
NOX 0.772** 1.000 0.750** 0.752** -0.511** 0.634** -0.507** -0.316**
DUST 0.887** 0.750** 1.000 0.999** -0.330** 0.568** -0.449** -0.202**
ALL 0.891** 0.752** 1.000** 1.000 -0.332** 0.570** -0.452** -0.203**
PD -0.407** -0.511** -0.330** -0.332** 1.000 -0.342** 0.564** 0.642**
SHAPE_
AM

0.650** 0.634** 0.568** 0.570** -0.342** 1.000 -0.783** -0.149

IJI -0.606** -0.507** -0.449** -0.452** 0.564** -0.783** 1.000 0.227**
SHDI -0.242** -0.316** -0.202** -0.203** 0.642** -0.149 0.227** 1.000

** Significance at the 0.01 probability level. * Significance at the 0.05 probability level
Note: SO2, NOX, DUST, and ALL refer to ecosystem service functions of SO2, the absorption of NOX, dust retention, and total eco-
system service functions, respectively. PD, SHAPE_AM, IJI and SHDI refer to patch density, the area-weighted mean shape index, the 
interspersion and juxtaposition index, and Shannon’s diversity index.



Evaluation and sensitivity analysis of the ecosystem service functions... 131

by green space more scientific and reasonable. However, the results revealed that the 
ecosystem service function of haze absorption by green space in China from 2001 to 
2018 shows a trend of first increasing and then decreasing, suggesting that the for-
est area with high haze absorbing capacity should be increased when adjusting the 
structure of ecological land use, and the occupation of cultivated land due to the rapid 
expansion of construction land should be regulated to improve the ability of green 
space to alleviate haze.

Previous literatures explored the responses of ecosystem service functions to land 
use change, mainly through analyses of water yield (Li et al. 2018), soil conservation 
(Zhu et al. 2018), habitat quality (Dai et al. 2019), biodiversity protection (Reiss and 
Chifflard 2018), and climate regulation (Yang and Wang 2019). However, there are 
few studies on the haze absorption by green space. Moreover, previous studies con-
ducted assessments of ecological quality. Munné et al. (Munné et al. 2003) evaluated 
riparian habitat quality using an index combining total riparian vegetation cover, cover 
structure, cover quality and channel alterations that is easy to calculate and can be 
used with any other index of water quality to assess the ecological status of streams and 
rivers. The macroalgal species richness and composition of intertidal rocky seashores 
has been used by researchers in the assessment of ecological quality under the Euro-
pean Water Framework Directive (Wells et al. 2007). Using GIS and remote-sensing 
and factor-analysis techniques, some scholars analyzed UGS landscape patterns in the 
compact city of Hong Kong to determine the landscape-ecological quality of different 
land uses and districts (Tian et al. 2014). Some experts have analyzed the scale, quality 
and diversity of green infrastructure through remote-sensing techniques and NDVI 
combined with fieldwork verification at two scales, the local and regional (Calderón-
Contreras and Quiroz-Rosas 2017), and others have conducted research combining 
ecological quality with ecosystem services. Paetzold et al. (Paetzold et al. 2010) as-
sessed the relationship between ecosystem quality and ecosystem quality, and Yan et 
al. (Yan et al. 2016) established the assessment framework including V (vigor: NPP), 
O (organization: proportion of natural ecosystem area, SHDI, and the contagion in-
dex [CONTAG]), and R (resilience: ecological elasticity) to analyze the ecosystem 
services of soil and water conservation based on ecosystem quality. Finally, Sauvage et 
al. simulated the role of riverbed compartments in the regulation of water quality as 
an ecological service (Sauvage et al. 2018). Nevertheless, there have been few studies 
on the quality of green space, so there has been little research on the ecosystem service 
functions of haze absorption by green space based on its quality. Therefore, this paper 
analyzed the ecosystem service functions of haze absorption by green space based on its 
quality, improving the assessment method of previous studies that only considered the 
area of green space and providing an improved method for evaluating this ecosystem 
services, and also providing a reference for the prevention and control of haze and the 
coordinated development of regional societies, the economy and the environment.

There is a correlation between landscape patterns and ecosystem service functions 
(Garcia et al. 2014; Gong et al. 2019). This paper considers China as the research area 
and analyzes the relationship between landscape patterns and the ecosystem service 
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functions of haze absorption by green space, landscape diversity (SHDI), fragmenta-
tion (PD and SHAPE_AM) and connectivity (IJI) at the national scale, and the cor-
relation coefficients between SHDI, PD, and the ecosystem service functions of the 
absorption of SO2 and NOX, dust retention and total ecosystem services exhibited 
significant negative relationships. These results are essentially identical to those of Lu 
et al. (Lu et al. 2018) and Wu et al. (Wu et al. 2015) but differ from those of Zou et 
al. (Zou et al. 2016).

Uncertainty in ecosystem service assessments has been demonstrated and ana-
lyzed by previous studies (Bei et al. 2017; Hou et al. 2013), and haze is affected 
by industrial pollution sources, meteorological conditions and plant coverage, and 
these factors affect each other. Therefore, only considering the influencing factor 
of green space will lead to uncertainty in the study of haze absorption (Snell et 
al. 2018). Furthermore, the accuracy of input data, model structure, and param-
eter settings all lead to uncertainty in ecosystem service research (Baustert et al. 
2018; Stritih et al. 2019). This study demonstrated uncertainty in the estimation 
of ecosystem service functions, mainly because ecosystem service functions of haze 
absorption were estimated by multiplying the area of each land use type by the cor-
responding functions coefficients.

This paper also has some limitations. First of all, there are many factors affect-
ing haze, including natural factors such as vegetation coverage (Zhang 2019), social 
and economic factors are comprised of population density, industrial structure and 
industrial emissions (Li et al. 2016), and meteorological factors consisting of wind 
speed and rainfall (Bei et al. 2016). This paper only considered the haze absorption by 
green space, which has some shortcomings. In the future, it should be combined with 
meteorological conditions, pollution sources and socio-economic factors. Secondly, we 
must combine field observation data to obtain per-unit functions for the absorption 
of SO2 and NOX and dust retention of different green space types, thus making the re-
sults more accurate, and future research should also collect more detailed data on green 
space and select appropriate parameters to improve the accuracy of the calculations. 
This paper utilizes the functions coefficient method to evaluate the ecosystem service 
functions of haze absorption by green space and preliminarily explored the ecosystem 
service functions of SO2 and NOX absorption and dust retention by green space for 
2001–2018 in China. A mechanistic model that includes haze diffusion, haze absorp-
tion by green space, an assessment of ecosystem service function modules, and the 
ecosystem service functions of haze absorption by green space should be established to 
produce more accurate and objective results, and to explore more reasonable methods 
for future studies (Wang et al. 2016). The application of a national-scale analysis of the 
ecosystem service functions of haze absorption by green space would ameliorate the 
shortcomings of the small-scale analyses in previous studies and would enrich research 
into the effect of scale on the ecosystem service functions of haze absorption by green 
space. The acquisition of large-scale and high-precision remote-sensing data is still an 
important direction for future research.
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Conclusions

This paper analyzes the temporal and spatial distributions and sensitivities of the eco-
system service functions of haze absorption by green space based on its quality in 2001, 
2004, 2007, 2010, 2013, 2016 and 2018 in China. The main conclusions of this work 
are as follows:

(1)	 In general, the ecosystem service functions of haze absorption by green space exhib-
ited first an increasing and then decreasing trend from 2001–2018 in China, in-
creasing by 144652.20 million Kg (1.61%) in 2001–2013 primarily due to the im-
plementation of the Three North Shelterbelt Development Program, the Conver-
sion from Cropland to Forest Program and the Natural Forest Protection Program 
by the Chinese government. However, the ecosystem service functions decreased by 
1410584.00 million Kg from 2013–2018, a decrease of 15.42%, primarily because 
of adjustment of ecological land structure and the reduction of arable land caused 
by the expansion of construction land. The contributions of forest cover to the 
ecosystem service values of haze absorption by green space were the largest, with 
values of 98.68%, 98.67%, 98.68%, 98.75%, 98.77%, 98.17% and 98.16% in 
2001, 2004, 2007, 2010, 2013, 2016 and 2018, respectively. The primary ecologi-
cal function of haze absorption by green space was mainly dust retention, which 
accounted for 98.09%, 98.15%, 98.18%, 98.26%, 98.32%, 98.30% and 98.29% 
of the total in 2001, 2004, 2007, 2010, 2013, 2016 and 2018, respectively.

(2)	 Different ecosystem service functions exhibited great differences in spatial distri-
bution within the same year but small differences between years. In conclusion, 
the results show that the ecosystem service functions and spatial distribution of 
haze absorption by green space based on its quality differ greatly from the value 
considering only the area. Furthermore, the benchmark and corrected values of 
the contribution rates of haze absorption by different types of green space and 
ecosystem service functions are different, but the values show a consistent trend. 
The contribution rates are ranked from largest to smallest as forest cover, grass 
land and arable land, and the order of ecosystem service function is dust reten-
tion, absorption of SO2, and absorption of NOX. Moreover, the spatial distribu-
tions of the benchmark and corrected values also exhibit the same distribution 
trend. In the same year, the spatial distribution of the ecosystem service values 
of haze absorption by green space is very different, but there is little difference 
among the different years.

(3)	 The coefficients of sensitivity for the ecosystem service functions for forest cover 
are elastic with values of 0.9868 in 2001, 2004 and 2007, 0.9875 in 2010, 0.9877 
in 2013, 0.9817 in 2016 and 2018, respectively, and the change rates were ± 
49.3424%, ± 49.3398%, ± 49.3405%, ± 49.3767%, ± 49.3832%, ± 49.0861% 
and ± 49.0842%, respectively. The coefficients of sensitivity for arable land and 
grass land were inelastic. There was a significant negative relationship between 
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PD and the ecosystem service functions of SO2 absorption, NOx absorption, dust 
retention and total ecosystem services, with the correlation coefficients of -0.407, 
-0.511, -0.330 and -0.332, respectively. Nevertheless, the correlation coefficients 
between SHAPE_AM and the ecosystem service functions of SO2 absorption, 
NOx absorption, dust retention and total ecosystem services exhibited significant 
positive relationships with correlation coefficients of 0.650, 0.634, 0.568 and 
0.570, respectively. The green space landscape pattern, which exhibited a uniform 
patch distribution, has an important effect on the absorption of polluted gases, 
dust retention and air purification. A higher density of green space patches is ac-
companied by lower levels of fragmentation and higher levels of air purification.

(4)	 This paper analyzes and evaluates ecosystem service functions and the spatial 
distributions thereof, based on the quality of green space, providing a basis for 
further improving the method for calculating haze absorption by green space and 
revealing the relationship between ecosystem service functions and landscape pat-
terns. This work is important for the rational planning and improvement of green 
space ecosystems and for improving the city environment.

(5)	 This paper analyzes the ecosystem service functions of haze absorption by green 
space in China, and further research should focus on two approaches. The first 
is the development of a mechanistic model of the ecosystem service functions of 
haze absorption by green space that should consist of three modules including 
a haze diffusion module, a module for haze absorption by green space, and a 
module that evaluates ecosystem service functions. By including rainfall, wind 
speed, pollution sources, land use and vegetation types, the function coefficients 
for haze absorption and other data can be collected in a database. After the model 
is calibrated and validated, the ecosystem service functions dynamics of haze ab-
sorption by green space can be analyzed under different green space and climate 
change scenarios to predict future changes. The second approach includes a first-
tier classification of green space to evaluate the ecosystem service functions of 
haze absorption in this paper, but second-tier classifications can reflect the differ-
ences between different green space types, thus providing more objective and rea-
sonable results. Compared to a first-tier classification of forest cover, second-tier 
classifications, such as trees and shrubs, have different impacts on the ecosystem 
service functions of haze absorption. Therefore, further research should provide 
in-depth explorations of second-tier classifications of green space.
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