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Social development and changes in natural conditions have seriously affected the ecosystem services value (ESV)
of wetlands. It is important for social sustainable development and human welfare to identify and evaluate the
driving factors that lead to changes in ESVs. Based on the land use data of Northeast China (NEC) from 1980 to
2015, the Emergy method and Logarithmic Mean Divisia Index decomposition analysis (LMDI) was applied to
calculate the main ESVs of wetlands and clarify the contributions of different driving factors to ESVs changes.
The results showed that the value of provision services (ESV,,) and cultural services (ESV.) increased significantly,
while the value of regulation services (ESV;) and supporting services (ESV;) decreased. Overall, the ESV of wet-
lands increased by 7.31 x 10?2 solar emjoules (sej), with a growth rate of 127.73%. The most obvious factors driv-
ing ESV changes were the wetland supporting factor (AGA), per capita GDP factor (APG), and protection
investment factor (AT). The combined average contribution weight of the three factors was above 50%. From
the perspective of driving force category, social-economic development effect had the greatest impact on ESVs,
with average contribution weights ranging from 45.18% to 54.59%, followed by human activity effect, average
contribution weights ranging from 33.45% to 40.14%, and the influence of natural factor effect was relatively
small. The research results would provide a reference for protecting and improving the ESV of the wetland
ecosystem.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

* Corresponding author at: College of Water Conservancy, Shenyang Agricultural
University, Shenyang, Liaoning Province 110866, China.
E-mail address: sufangli@syau.edu.cn (F. Su).

Wetland is one of the most important ecosystems on the earth. It not
only provides a variety of ecosystem services (ES) for human survival
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and development (e.g. providing living and production materials and a
good living environment), but also provides living space for animals
(Zhang et al., 2017a; Yang et al., 2019). The value of these ecosystem
services (ESV) makes wetlands the most valuable ecosystem per unit
area (Costanza et al., 2014). Millennium Ecosystem Assessment
(2005) divided these ESs into four categories: provision services, regu-
lation services, cultural services, and supporting services. To obtain
more production materials and development space following the social
progress, the original ecosystem was constantly disrupted and
destroyed which always increased the provision services value (ESVp),
while decreased the regulation services value (ESV;) and supporting
services value (ESVs) (Ricaurte et al., 2017; Xu et al., 2019). Cultural ser-
vices value (ESV,) has uncertainties due to the regional cultural back-
ground and economic development (Queiroz et al., 2017; Pedersen
et al., 2019).

The research on the ESV has gradually shifted from evaluating their
values, in the early stage, to analyzing the distribution of ESVs at differ-
ent types of ecosystems and its driving factors. Li et al. (2019) applied
the InVEST model to analyze the trade-off relationship between agricul-
tural production and key ES in Zhangye City and provided suggestions
for the sustainable management of the city's ecosystem. Su et al.
(2020) analyzed the relationship between land use changes and ESV
in Fujian Province and provided basic support for regional ecological
compensation. Song and Deng (2017) studied the relationship between
land use and ESV in China and compared it with the global ESV changes
during the same period. Besides human-dominated systems, research
has also been conducted on natural-dominated ecosystems. For exam-
ple, Yang et al. (2019) used the emergy method to calculate the distribu-
tion of aquatic ESV in several Chinese provinces. Zhang et al. (2017)
developed a wetland ES assessment method to provide support for wet-
land conservation in Beijing. Zhang et al. (2019) identified driving fac-
tors for the development of ESV in Ebinur Lake Wetland National

Nature Reserve and provided suggestions for balancing regional ESV dif-
ferences. Besides, there are many studies about the impact of economic
development (He et al., 2014), urbanization (Liu et al., 2019a; Liu et al.,
2019b), and changes in natural conditions (Huq et al., 2020) on the ESV.

Although market methods (Pirard and Lapeyre, 2014), non-market
methods (Oleson et al., 2018), preference methods (Borger et al.,
2018) and InVEST model (Kusi et al., 2020) have been widely used to
the evaluation of ESV, there are still difficulties in integrating the ESVs
and different driving forces into the same dimension for evaluation
and analysis. The emergy method can convert the value of ecosystem
services and some driving factors that are difficult to quantify into the
same dimension, such as investment in the development and protection
of the ecosystem, and uniformly convert them into an emergy unit—
solar equivalent joules (sej) for evaluation. In Yunnan, the emergy
method was used to quantify the various input elements and ESVs in
the process of wetland restoration, and assess the sustainability of the
wetland (Sun etal., 2019). In Brazil, the emergy method was used to cal-
culate various factors affecting the sustainable development of Brazilian
pine and eucalyptus systems and provide solutions for sustainable land
use. Wang et al. (2017) applied the emergy method to calculate input of
the circular agricultural ecosystem and evaluate the sustainable devel-
opment of the system. Dong et al. (2012) used the same method to cal-
culate the ESV of Chinese grasslands, and suggested that small-scale
intensive grazing should be used to promote the sustainable develop-
ment of grasslands and enhance ESVs. In terms of driving force analysis,
decomposition analysis is a common method that mainly includes log-
arithmic mean divisia index (LMDI), laspeyres index method (LAI)
and arithmetic mean divisia index (AMDI). However LAI usually has
the problem of a large residual, and AMDI fails to deal with the zero
value (Ang, 2005). By comparison, LMDI can be used to overcome the
two weaknesses shown above, so it is suitable for more situations
(Ang et al., 2009). While many studies have used LMDI to analyze
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Fig. 1. Location and land use of NEC (2015).
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pollution emission (Chang et al., 2018) and energy consumption (Wang
et al., 2017), very few studies combined the emergy method and LMDI
together in the field of ecosystem evaluation (Liu et al., 2019; Song
et al,, 2020).

Northeast China (NEC) is one of the most widely distributed areas of
wetlands in China, and the area of marsh wetlands accounts for about
50% of that in the whole country (Liu, 2005; Niu et al., 2009). The
large number of wetlands provide an important ecological barrier func-
tion for China (Zhou and Kou, 2009). In the past, due to government pol-
icies and neglect of the ESV of wetlands, many wetlands were converted
to agricultural land, aquaculture land or industrial construction sites
(Xing et al., 2011; Wang et al., 2012), resulting in water quality deterio-
ration, non-point source pollution, habitat destruction and so on (Chu
et al., 2015; Liu and Liu, 2006). The ESV of the wetland also changed
with this process. To obtain the ESV in line with the needs of social de-
velopment, it is necessary to explore the driving forces leading to its
change.

This study applied the emergy method to quantitatively evaluate
and analyze ESVs changes and their driving force factors, and then the
LMDI method was used to identify the most important driving factors.
The specific goals are: (1) calculating and analyzing the changes in the
major ESVs of wetland in NEC; (2) identifying the driving forces and
their impacts that led to changes in the ESVs. The results are helpful
for future wetland planning and management in this area.

2. Materials and methods
2.1. Study area

NEC (115° 30’ ~ 135° 06’ E, 38° 43’ ~ 53° 34’ N) includes Liaoning
Province, Jilin Province, Heilongjiang Province and four cities in Inner
Mongolia Autonomous Region (i.e. Hulun Buir, Hinggan League,
Tongliao City, Chifeng City). The region is characterized by a temperate
continental climate, with an average annual precipitation of around
519 mm, an average annual temperature from —4 °C to 12 °C, and a
total land area of around 1.24 million km?. According to the 2015 land
use data (Fig. 1), forest, arable land, and grassland are the most impor-
tant land use types accounting for 41%, 31%, and 19% of the total land
area, respectively. Natural wetlands, by comparison, only account for
5% of the total area which is higher than that of urban construction
land and other types. NEC is an important grain-producing area in
China, as well as an important distribution area of forests and wetlands.
At present, 15 wetlands have been listed as internationally important

wetlands, accounting for 26% of China. In order to protect and restore
natural wetlands and obtain higher ESVs, the government implemented
the “National Wetland Conservation Program (2002-2030)” (NWCP)
and NEC was listed as one of eight important wetlands regions.

2.2. Methods

Influenced by continuous changes in land use, natural wetlands con-
stitute an ecosystem that includes multiple land use types (Fig. 2). In
this study, it was regarded as a broad wetland ecosystem. It can be
seen that changes in natural conditions outside the system boundary
and input from human society will affect the ESV of wetland
ecosystems.

In general, this study can be divided into three steps (Fig. 3): The first
step is to process the land use data of the wetland ecosystem in the
study area, the second step is to clarify the main ES, calculate and ana-
lyze the changes of ESVs, and the third step is to construct the driving
factors that lead to changes in ESV and perform quantitative analysis.
The specific process is as follows:

2.2.1. Land use data processing

From a long-term perspective, in the process of the destruction and
restoration of natural wetlands, the natural wetland and other land use
types always existed mutual conversion. As a first step, natural wetland
areas of NEC in 1980, 1995, 2000, 2005, 2010, and 2015 were extracted
from the land use data provided by Data Center for Resources and Envi-
ronmental Sciences, Chinese Academy of Sciences (RESDC). Then the
vector data of each period were merged through ArcGIS, and the
scope of the study area was determined. Finally, by cutting the original
land use vector data with this scope, the land use data of the study area
in different periods were obtained (Fig. 4).

According to the Ramsar Convention (Ramsar Convention, 1971),
the Wetland Classification (Li and Liu, 2014), and the Current Land
Use Classification (China), natural wetlands in this study were classified
into five types: marsh wetlands, river wetlands, flooded wetlands,
beach wetlands, and lake wetlands. Other land use types were classified
into six types: reservoir and ponds, arable land, forest, grassland, resi-
dential land, and unused land.

2.2.2. Ecosystem services frame

As shown in Table 1, some major and representative ESs were se-
lected to analyze the impact of different driving factors on their value
changes (Li et al., 2018; Gémez-Baggethun et al., 2019). Referring to
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Fig. 2. Main emergy flows and ESVs in the study area.
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Table 1
The framework of the study area ecosystem service evaluation.

Natural wetlands

Other land use types

Item Services . River Reservoir Arable Residential ~ Unused
Marsh River  Lake Beach Forest  Grassland
beach and ponds land land land

Provisioning services
1 Fish harvest [} [ ] [ ]
2 Food [ ]
3 Raw materials [ ]

Water supply [} [ ]

Regulating services
5 Disturbance regulation [ ] [ ] [ ]
6 Gas regulation [ J [ J [ ] [ ]
7 Waste treatment [ J [ ] [ ]
8 Supplementing groundwater [ ]

Cultural services

9 Recreation [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ]

Supporting services

Gross primary production

10 primary p ° ° °

(GPP)

the ecosystem services classification system of the Millennium
Ecosystem Assessment (2005), the ESs were divided into four catego-
ries: provision services, regulation services, cultural services, and
supporting services. Also, the abbreviations used in this study are
shown in Table 2.

2.2.3. Emergy accounting on ecosystem services

In the emergy method, all materials, energy, or information can be
converted from conventional units (], g money) to emergy units
(solar emjoules, sej) through their solar transformity (UEV) to calculate
their emergy values. The ESV in this study can be calculated according to
the following emergy method calculation formula (Odum, 1996):

E=Y fixUEVii=1,..,n 1)

E represents emergy value; f; represents the ith material flow, infor-
mation flow, or energy flow; UEV; represents the solar transformity of
the ith material flow, information flow, or energy flow. The detailed
emergy calculation of ESV is shown in the supplementary material.

2.2.4. Logarithmic Mean Divisia Index decomposition analysis (LMDI)
LMDI decomposes the target value into several factors based on
mathematical calculations and gives the contribution of each factor to
identify the factor that has the greatest impact on the target value.
The ESV is decomposed into eight driving factors from the three per-
spectives of social and economic development effect, human activity

effect, and natural factor effect (see formula (2)). The calculation for-
mula and the driving factors are as follows (Ang, 2005):

ESV A GDP P

BV =5 “eop P T*U @

=ER x AD x GA x PG x UP x DT x RU x T

Where, ESV is the ecosystem services value; R stands for rainfall; A
stands for natural wetland area; D stands for developmental inputs in
wetland ecosystems, including fertilizer, machinery and other inputs
for agriculture, fishery, and wetland industries; GDP stands for the
GDP of NEC; P is the population of NEC; U represents the non-
agricultural population of NEC; T represents protective inputs for natu-
ral wetlands, including inputs of ecological restoration and restoration
of wetlands.

ER represents the ESV produced by the unit rainfall, the larger the
value, the greater the ESV of the ecosystem; AD represents the pressure
factor caused by the developmental investment in the study area to the
natural wetland. The larger the value, the larger the area of the natural
wetland carrying the unit developmental investment, that is, the
smaller the interference pressure of the natural wetland per unit area;
GA stands for the support factor of natural wetlands to regional eco-
nomic development, the greater the value, the greater the support ca-
pacity of natural wetlands for economic development. PG is the
reciprocal of GDP per capita and represents the degree of social and eco-
nomic development. The smaller the value, the higher the degree of

Table 2

Abbreviation.
NEC Northeast of China ESV, Cultural services value of the study area
UEV Unit emergy value, sej/unit ESVg Supporting services value of the study area
A Natural wetland area ESV, Total services value of the study area
GDP Gross National Product ESVnap Provision services value of the natural wetland in the study area
U Urbanization Rate ESVyar Regulation services value of the natural wetland in the study area
P The population of Northeast China ESVinae Cultural services value of the natural wetland in the study area
R Average rainfall in the study area ESVinas Supporting services value of the natural wetland in the study area
D Development investment ESVyae Total services value of the natural wetland in the study area
T Protection investment ESVorp Provision services value of the other land use types in the study area
ES Ecosystem services ESVor Regulation services value of the other land use types in the study area
ESV Ecosystem services value ESVoie Cultural services value of the other land use types in the study area
ESV, Provision services value of the study area ESVyes Supporting services value of the other land use types in the study area
ESV, Regulation services value of the study area ESVoe Total services value of the other land use types in the study area
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social and economic development; UP stands for urbanization rate, the
larger the value, the higher the regional urbanization level; DT is the
ratio of developmental and protective inputs in the ecosystem. The
larger the value, the better the anti-interference ability of the ecosys-
tem, and the lower the demand for protective inputs; RU is the ratio
of rainfall to the urban population. The larger the value, the greater
the amount of precipitation per capita in urban areas. T represents the
protective input of the wetland ecosystem. The larger the value, the
greater the protection intensity of the system.

According to the LMDI method, ESV is decomposed by the following
formulas (Ang, 2005):

Ao = o —a® = At + Aty + Ao + Aoty + Adte + Aoy + Adgg + Ay (4)

a[

Aoy =€ x In (F) (5)
b[

Aap =€ x In b> (6)
C[

Ao, =¢x In C—) (7)
t

Aoy =¢x In g) (8)

ft‘

Aap=ux In|=— (10)
! f
g[

Aag = u x ln(g> (11)
ht

Aoy =ux In > (12)
h

ar_ao
= That— nad (13)

o represents the value of ESV in the t year; o represents the value
of ESV in the base year; a, b, ¢, d, e, f, g, and h represent the eight driving
force factors of ESV.

2.3. Data sources

All data sources for this study can be found in Table 3 below. Among
them, the tourism income data and water resources data were incom-
plete before 2000, so statistics and estimates were made based on the
statistical yearbooks of different administrative districts in NEC.

2.3.1. Provision services value

Aquatic products. Freshwater natural fishing and artificial farming.

Food production. Food production in the area from natural wetlands
to arable land.

Raw materials. Reeds are the main raw materials produced by the
wetlands in NEC and have formed a large-scale industry. Other raw ma-
terials are used less and did not form a scale. Therefore, in this study,
reeds were used as the raw materials for the wetland ecosystem output.

Water supply. The chemical emergy value of water resources pro-
vided by the wetland ecosystem for social production and living
(Campbell and Brown, 2012).

Table 3
Data sources.

Data category

Descriptions

Sources

Socioeconomic
data?®

(GDP,

Population,

Urbanization

rate)

Water supply

Rain data

Land use data

Investment

UEV data

GDP refers to the gross
domestic product of the NEC,
including the primary,
secondary and tertiary
industries.

Population refers to the total
population of the NEC in the
year.

Urbanization rate equals
non-agricultural population
divided by total population.

Water supply includes
production water, domestic
water, and ecological water
supply.

Average rainfall in NEC.

The study area was determined
by the consolidation of
wetlands of six periods (1980,
1995, 2000, 2005, 2010 and
2015) extracted from the land
use data set. Including natural
wetlands and non-natural
wetlands converted from
natural wetlands.

Including developmental
investment and protective
investment in the study area.
Development investment
includ fertilizer, machinery and
other inputs for agriculture,
fishery, and wetland industries.
Protective investment include
the inputs for ecological
restoration and restoration of
wetlands in the study area.
Transformity of materials,
energy, or information

Hei Longjiang statistical
yearbook
1996/2001/2006/2011/2016
Jilin statistical yearbook
1996/2001/2006/2011/2016
Liaoning statistical yearbook
1996/2001/2006/2011/2016
Inner Mongolia statistical
yearbook
1996/2001/2006/2011/2016
50 years‘brilliance
(1947-1997)°

China tourism statistical year-
book ¢

Water Resources Bulletin of
Songliao River Basin
(http://www.slwr.gov.
cn/szy2011/)

Statistical yearbook mentioned
above ¢

National Meteorological
Information Center

Data Center for Resources and
Environmental Sciences,
Chinese Academic of Sciences
(RESDC) (http://www.resdc.
cn). 1 km x 1 km resolution

National Wetland
Conservation Program
(20022030)

National Wetland Protection
Project Implementation Plan
(2005-2010)

National Wetland Protection
Project Implementation Plan
(2011-2015)

National 13th Five-Year Plan
for Wetland Protection
https://nead.umO01.cn/home €
Research by other scholars

2 The 1980 data is included in the later yearbook.

P This is the statistical yearbook of Inner Mongolia.

€ The source of tourism income data for 2000-2005 is the statistical yearbooks of the
provinces; the source of tourism income data for 1980 and 1995 is an estimate based on
the average national tourism income.

4 Due to the progress of data update, the monetary emergy conversion rate in 2015 is
based on 2014 data.

¢ Since there is no data on water resources bulletins before 2000, statistics and esti-
mates are based on statistical yearbook data.

2.3.2. Regulation services value

Disturbance regulation. Floodwater trapped by lakes, reservoirs, and
marsh.

Gas regulation. Wetland plants absorb CO,, release O,, and regulate
atmospheric components during photosynthesis.

Thus, 1.63 g carbon dioxide is needed and 1.19 g oxygen is released
for every 1 g of dry matter.

Waste treatment. ESV of N and P pollutants for wetland purification.

Supplementing groundwater. Groundwater recharge from different
land use types in the study area. The formula is as follows (Yang et al.,
2019):

W=> RxSxpxk (14)

Where, W is the total amount of groundwater recharge; R is the av-
erage annual rainfall (m/yr); S; is the area of different land use types
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Fig. 5. Land use change in the study area.

(km?); p is the density of water (kg/m?); k; is the penetration of differ-
ent land use (%).

2.3.3. Cultural services value

Wetland ecosystems have rich landscapes and provide places for
recreation. It is one of the important ecosystem services of wetlands
(Sinclair et al., 2019). According to the results of the “Comprehensive
Analysis Report of the 2000 Sampling Survey of Inbound Tourists”,
52.5% of the tourists take landscapes and scenery as tourism purposes.
Therefore, the income of tourism in the study area can be estimated
by the proportion of wetland, forest, and grassland in the total area of
NEC and the total tourism income of NEC. The formula is as follows
(This study):

M =M, xr x

. Si
S (15)

a

Where, M is the tourism income of the study area (¥); M, is the total
tourism income of NEC (¥); r is the proportion of wetland, forest, and
grassland in total tourism income, r = 52.5%; S; is the area of different
land use (km?); S, is the total area of wetlands, forests and grasslands
in NEC (km?).

600
500

400

2.3.4. Supporting services value

Supporting services are the basis for the existence of other services,
so in this research, ESV mainly calculated the support effect of vegeta-
tion on the ecosystem, expressed as the gross net production of the veg-
etation (Campbell and Brown, 2012).

3. Results
3.1. Land use

As shown in Fig. 5, from 1980 to 2015, the proportion of natural wet-
land areas in the study area decreased from 61.10% to 53.05%, and an
area of 9982.12 km? converted into the other land use types, which
accounted for 13.16% of the area of natural wetland. Among them,
the largest reduction occurred for the marsh, accounting for 72.41% of
the total reduction area, followed by lakes, accounting for 13.26% of
the total reduction area, and river, river beach, and beach reduction
areas accounting for 14.33% of the total reduction area.

Among the other land use types, arable land was the most important
type of land use. The proportion in non-natural wetlands increased from
35.25% to 47.67%, and the area increased by 10,742.19km?. Among
them, 82.95% of the area was converted from natural wetlands, 16.90%
of the area was converted from forests and grasslands, and the remain-
ing 0.15% was converted from other land-use types. It can be seen that
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Fig. 6. Changes in ESVs of the natural wetland and the non-natural wetland.
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agricultural farming was the main cause of land use change in the wet-
land ecosystem in NEC.

3.2. Changes in ecosystem services value

3.2.1. Changes in ESVs of natural wetland and the other land use

Major ESVs of different land use types were calculated in this study
(Fig. 6). The results showed that change in the ecosystem services
value of natural wetland (ESV,,,) mainly gone through two stages. In
the first stage (1980-2005), the ESV,,, basically remained unchanged,
and in the second stage (2005-2015), the was on the obviously rising
trend. During the entire study period, the ESV,, increased from
5.35 x 10?2 sej to 8.47 x 10?2 sej, an increase of 58.16%. However, due
to the increase in the ESV of the other land use types (ESV,,), its propor-
tion in the total ESV (ESV,) of the study area decreased from 77.83% to
54.05%. The ESV, increased from 1.53 x 10 sej to 7.20 x 10?2 sej, an
increase of 371.89%.

3.2.2. Changes in different ESVs

From the perspective of the entire study area, the change in the ESV;
was mainly divided into two stages (Fig. 7). In the first stage
(1980-2000), the change in the ESV, was small, showing a slight growth
trend, from 6.88 x 1022 sej to 8.35 x 10?2 sej, with a growth rate of
21.44%. In the second stage (2000-2015), the ESV, showed a clear up-
ward trend, from 8.35 x 10%2 sej to 1.57 x 10%* sej, with a growth rate
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of 87.52%. During the whole research period, the ESV; increased by
7.31 x 10?2 sej, with a growth rate of 127.73%.

Among the four types of ESVs, the ESV,, continued to increase from
7.89 x 10?1 sej to 5.09 x 10%2 sej, an increase of 545.60%, and its propor-
tion in the ESV, also increased from 11.47% to 32.53%. The ESV, was the
most important ecosystem services in the study area. However, it con-
tinued to decrease during the study period, from 5.34 x 10?2 sej to
4.79 x 10?? sej, a decrease of 10.25%. Its share in the ESV, dropped
from 77.62% to 30.59%, which was mainly due to the increase in the
ESV;, and ESV.. The ESV. increased most significantly among the four
ESVs, from 7.24 x 10%° sej to 5.19 x 10?2 sej, an increase of 7066.54%,
and the proportion in the ESV, increased from 1.05% to 33.14%. The
ESV; continued to decrease, from 6.78 x 10?2 sej to 5.86 x 10?2 sej, a de-
crease of 13.50%.

3.3. Drivers of ecosystem services value

3.3.1. Drivers of the ESV,

As shown in Fig. 8, AGA was the largest positive driving factor for
the ESV,,, and the weight was 20.60%-27.60%. APG was the largest neg-
ative driving force, with a weight of 18.90%-25.55%, second only to
AGA. AT generally presented a positive contribution, with a weight of
15.55% ~ 19.50%. In addition to 1995, ADT had a negative contribution,
with a weight of 7.62% to 10.35%. The positive contribution of AER was
6.92% ~ 10.33%, and the negative contribution of AAD was slightly less
than AER, and its weighting was 5.81% ~ 8.64%. The weight of the
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Fig. 8. ESV,, LMDI decompositions and ESV;, changes (ER stands for the ratio of ESV,, to rainfall; AD stands for the ratio of natural wetland area and development investment; GA stands for
the ratio of GDP to natural wetland area in Northeast China; PG stands for the reciprocal of GDP per capita; DT stands for the ratio of development investment and protective investment;
RU stands for the ratio of rainfall to non-agricultural population; T stands for protective input; ESV}, stands for the value of provision services.)
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positive contribution of AUP and the negative contribution of ARU
were both small, below 6%. In general, the biggest driving forces for
the change of ESV|, were AGA, APG, and AT.

3.3.2. Drivers of the ESV,

As could be seen in Fig. 9, AGA was the positive factor that drove the
ESV, to change the most, with a weight of 21.80%-30.06%. APG was the
largest negative driving force, with a weight of 20.00%-27.83%, second
only to AGA. AT generally presented a positive driving force contribu-
tion, with a weight of 16.85%-20.64%. AAD and ADT (except 1995)
had a negative driving force contribution to the changes of ESV,, and
their weights were 6.15%-9.41% and 8.30%-11.36% respectively. The
weight of the positive contribution of AUP and the negative contribu-
tion of ARU were both small, and they were both about between 2%
and 6%. A ER generally showed a negative contribution, with a weight
of less than 1.5%, which had little effect on the changes of ESV,. Accord-
ing to the decomposition results, it could be seen that AGA, APG, and
AT were the most important driving forces for the changes of ESV,.

3.3.3. Drivers of the ESV,

According to the decomposition result (Fig. 10), AGA was the largest
positive driving force for the change of ESV,, with a weight of 19.11%-
24.30%, followed by AER, whose positive contribution was 13.65%-
20.73%. APG provided the largest negative contribution to the change
of ESV,, and the weight was 17.53%-22.50%. AT showed a positive con-
tribution to driving force overall, with a weight of 13.62%-16.02%. AAD
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and ADT (except 1995) had a negative contribution to the change of
ESV,, and their weights were 5.39%-7.85% and 6.71%-8.44% respec-
tively. The positive contribution of AUP accounted for less than 3%,
and the negative contribution of ARU accounted for less than 5%, both
of which had little effect on the ESV.. Therefore, the main driving forces
for changes in ESV. were A GA, AER, APG, and AT.

3.3.4. Drivers of the ESV

As shown in Fig. 11, the development trend of the driver of ESVs was
similar to ESV,. The weight of AGA's positive contribution was 21.74%-
30.00%. APG was the largest negative driving force, with a weight of
19.95%-27.77%, second only to AGA. AT generally presented a positive
contribution, with a weight of 16.81%-20.58%. AAD and ADT (except
1995) had a negative contribution to the change of ESV,, and the
weights were 6.13%-9.39% and 8.28%-11.39% respectively. The weight
of the positive contribution of AUP and the negative contribution of
ARU were both small, between 2% and 6%. AER generally presented a
negative contribution, with a weight of less than 2%, which had little ef-
fect on the change of ESV,. The decomposition result above showed that
AGA, APG, and AT were the main driving forces to the change of ESV,.

3.3.5. Drivers of the ESV;

According to the decomposition result of ESV, (Fig. 12), AGA was the
largest driving force contributing positively to ESV,, with a weight of
22.02% ~ 29.52%. APG was the largest negative driving force, with a
weight of 20.21% ~ 27.33%, second only to AGA. AT generally presented
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Fig. 10. ESV. LMDI decompositions and ESV, changes (ER stands for the ratio of ESV. to rainfall; AD stands for the ratio of natural wetland area and development investment; GA stands for
the ratio of GDP to natural wetland area in Northeast China; PG stands for the reciprocal of GDP per capita; DT stands for the ratio of development investment and protective investment;
RU stands for the ratio of rainfall to non-agricultural population; T stands for protective input; ESV, stands for the value of cultural services.)



10

600 -

400 A

200 A

F. Song et al. / Science of the Total Environment 751 (2021) 141778

1020 sej
<

-200 A

-400 A

-600 -

1995 2000

AER mmmm AAD mmmm AGA

AESVs (102 sej)

2015

2010

APG wmmm AUP mmmm ADT mmmmARU mmm AT —&— AESVs

Fig. 11. ESV, LMDI decompositions and ESV; changes (ER stands for the ratio of ESV; to rainfall; AD stands for the ratio of natural wetland area and development investment; GA stands for
the ratio of GDP to natural wetland area in Northeast China; PG stands for the reciprocal of GDP per capita; DT stands for the ratio of development investment and protective investment;
RU stands for the ratio of rainfall to non-agricultural population; T stands for protective input; ESV; stands for the value of supporting services.)

a positive contribution, with a weight of 16.49%-18.68%. AAD and ADT
(except 1995) had a negative contribution to the change of ESV,, and
their weights were 6.21%-9.24% and 8.15%-11.09% respectively. The
positive contribution of AUP and AER and the negative contribution
of ARU both accounted for less than 6%. Therefore, the biggest driving
forces for the change in ESV, were AGA, APG, and AT.

4. Discussion
4.1. Factors affecting the ESVs of the wetland

According to the classification of each driving factor, the social-
economic development effect (AGA, APG, and AUP) had the greatest
impact on ESV changes, followed by human activity effect (ADT, AT,
and AAD), and natural factor effect (AER and ARU) had the least
influence.

For the same region, the improvement of the socio-economic devel-
opment level had changed the regional industrial structure, consump-
tion patterns and dietary structure (Alexander et al., 2015), and then
affected the use of natural wetlands. For example, cash crops could
bring higher economic benefits, resulting in a large number of natural
wetlands being reclaimed as cultivated land. People's dietary prefer-
ences tended to be diversified foods such as fish and meat, rather than
simple food crops such as rice or corn (Worku et al., 2017), which had
led to the transformation of wetlands to farming ponds and animal
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102 sej

husbandry. Such a change had led to a huge increase in ESV,, (David
etal., 2016). In terms of cultural services, the improvement of economic
development level made people had a higher pursuit of quality of life,
which was reflected in more expenditure on tourism consumption
and stronger inclination to protect the scientific research value and reli-
gious value of natural wetlands (Roebeling et al., 2016; Pedersen et al.,
2019). ESV, and ESV, were protected with increased awareness of wet-
lands, such as the Ramsar Convention, the wetland bank program in the
United States, and the NWCP in China.

The impact of urbanization on the ESV varied at different scales and
in different regions. Generally, in large-scale terrestrial ecosystems
above the provincial level, urbanization positively drove the ESV (Lyu
et al.,, 2018; Qi et al., 2020), which was consistent with the results of
this study. However, the ESV in the vicinity of cities was negatively af-
fected (Eigenbrod et al., 2011; Cheng et al., 2020). In small-scale ecosys-
tems, due to a large amount of land occupied by cities, a large amount of
natural vegetation had been destroyed, leading to a reduction in the ESV
(Li et al., 2016a). Besides, such as coastal wetlands or river beach, urban
construction infringed the space of the original ecosystem (Cui et al.,
2016), which also led to the loss of the ESV.

The impact of human activities on the changes in the ESV of wetland
had two aspects. One was the protection of natural wetland resources,
which mainly included the protection of natural wetlands from the
loss and restoration of natural wetland areas. Through the implementa-
tion of NWCP, the ESV per unit area of the wetland protection area in the
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Sanjiang Plain was significantly higher than the average level of wet-
lands in the Sanjiang Plain (Xiang et al., 2020). For example, the grain
production capacity can reach more than 9 times. There were similar
conclusions in other protected wetlands (Zhang et al., 2013; Li et al.,
2016b). With the increase of protection investment, the ESV of wetlands
can be substantively improved. In this study, the contribution of protec-
tive inputs (T) to total ESV in 2015 was 2.60E + 23sej (452.79 billion
yuan), with a contribution rate of 360.99%. On the other hand was the
negative impact of human activities on ESV. The development invest-
ment (D) had converted natural wetlands into other land use forms
such as cultivated land, fish ponds, and construction land, which was a
universal situation in the world (Davidson, 2014). As the ecosystem
with the highest ESV per unit area (Costanza et al., 1997), the loss of nat-
ural wetland area caused the direct loss of wetland ESV (Song and Deng,
2017). The development investment also brought heavy environmental
pressure, resulting in the decline of natural wetland quality and ESV
(Mendoza-Gonzalez et al., 2012).

The ESVs of wetland in areas with strong changes in climatic condi-
tions were strongly affected by natural factors, such as tropical coastal
areas (Langan et al., 2018; Mehvar et al., 2019). For inland wetland eco-
systems, the impact of socio-economic development and human inter-
vention on ESVs changes were usually greater than the impact of
changes in natural factors(Zhang et al., 2017b; Ricaurte et al., 2017;
Ayeni et al., 2019). In this study, in addition to the greater influence of
cultural service value by AER, the other three types of ESVs and ESV,
were less affected by it.

4.2. Countermeasures for improving the ESVs of the wetland

Wetlands were an important ecological foundation for sustainable
social and economic development (Li et al., 2014; Song et al., 2020).
For human society, especially in underdeveloped areas, wetlands were
generally more inclined to change wetland into a more economical
use type (Davidson, 2014; Guerry et al., 2015). This had led to an in-
crease in the ESV,, for wetlands, while the ESV, and ESV; inevitably suf-
fered losses. Therefore, it becomes very important to include the factors
of ESVs in the consideration of social development decisions (Bateman
etal, 2013).

According to the results, improving the level of social and economic
development and urbanization rate had a positive effect on the growth
of ESV. In addition, the more important is how to use wetland resources
scientifically to achieve the goals of social development and the coordi-
nated development of wetland ESV. In this study, the reed industry pro-
vided economic benefits as a way of using land types that did not
change the natural wetland to other land use types. However, due to
its low economic benefits (in 2015, for example, the value of grain is
1.49 x 10'8 sej/km? and the value of reed is 8.60 x 10'® sej/km?) and
the current society ‘s demand for such resources is not high. The reed in-
dustry had not been able to expand on a larger scale. However, with the
progress of science and technology and social development, there will
inevitably be more demands for wetland resources. For example,
lotus-root production systems (Lu et al., 2017). Wetland tourism is
also an important method for the rational use of wetlands, which has
been practiced in many regions(Lin et al., 2019; Aazami and Shanazi,
2020). Therefore, this study suggested that decision makers need to
pay more attention to the development of natural wetland products or
the development of wetland industry when formulating strategies for
wetland management, so as to coordinate the conflicts between eco-
nomic development and wetland protection.

4.3. Limitations and uncertainty

In the land use data, the marsh wetland included different types of
vegetation, and its ecosystem services value was different. For example,
Phragmites communis, Scirpus triqueter, and Scirpus validus and other
wetland vegetation have different purification capabilities for pollutants

(Jiang et al., 2005; Xu et al., 2010). Also, some wetland vegetation is an
important place to live for waterfowls. For example, the Suaeda salsa
wetland is the breeding place of black-billed gulls (Larus saundersi)
(Liu et al., 2009), and the Scirpus planiculmis wetland is the habitat of
white crane (Grus leucogeranus) (Jiang, 2016). In the emergy method,
the calculation of biological habitats services value of wetland was
mainly based on the number or species of waterfowl in the wetlands.
However, because early data was difficult to obtain, it was not calcu-
lated. The above problems may have some impact on the size of ESV, es-
pecially underestimated the ESVs (because the value of biological
habitats was not calculated, a rough estimate of the loss of this value
was about 7.15E + 24 sej), However, the purpose of this study was to
clarify the impact of different factors on the main ESV changes, so the
impact on the final result was not too great.

The emergy method is dependent on UEV and basic data. As research
continues to evolve, UEV is constantly updated to become more accu-
rate (Brown and Ulgiati, 2016). Besides, UEV, tourism income data,
and water resources data came from different journals or databases,
which may cause the calculation results to be inaccurate, but this
study is a long-term and large-scale macro trend analysis, the uncer-
tainty brought by these were limited, so it did not substantially affect
the results (Zhong et al., 2018; Song et al., 2020).

5. Conclusion

This study estimated the main ESVs of the wetland ecosystem in NEC
from 1980 to 2015 based on the emergy method, and the LMDI method
was applied to decompose 8 driving factors from the three aspects of
socio-economic development, human activity interference, and natural
factor changes to analyze the impact of changes in ESVs. The study
comes to the following conclusion:

(1) The ESV, of the wetland increased by 7.31 x 10?2 sej, of which the
ESV,, and ESV. increased by 4.31 x 10?2 sej and 5.12 x 10?2 sej, respec-
tively. The ESV; and ESV; reduced by 5.47 x 10?2 sej and 9.15 x 10%2 sej,
respectively.

(2) Overall, AGA, APG, and AT were the most significant factors
driving the change of ESV, and the average weight of the contribution
value to the driving force of different types of ESVs was 22.33%-7.03%,
20.51%-24.83% and 15.40%-18.53%, respectively. From the perspective
of the classification of driving factors, the social-economic development
effect had the greatest impact on ESV, and the average contribution
value accounted for 45.18%-54.69%, followed by the human activity ef-
fect, and the average contribution weighted 33.45%-40.14%, and the im-
pact of natural factors was relatively small.

(3) Further improve the regional economic development level and
urbanization rate, and rationally use wetland resources to develop
wetland-related industries have a positive effect on improving the
ESVs of wetlands.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.
Acknowledgments

This work was supported by the National Key Research and Develop-
ment Program of China (grant number 2016YFC0500408) and the Na-
tional Natural Science Foundation of China (grant number 31670711).
CRediT author statement

Fei Song and Fangli Su conceived the idea of this study and wrote the

manuscript. Chenxi Mi and Di Sun collated the data and participated in
the writing of the manuscript.



12 F. Song et al. / Science of the Total Environment 751 (2021) 141778

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2020.141778.

References

Aazami, M., Shanazi, K., 2020. Tourism wetlands and rural sustainable livelihood: the case
from Iran. J. Outdoor Recreat. Tour. 30, 100284. https://doi.org/10.1016/j.
jort.2020.100284.

Alexander, P., Rounsevell, M.D.A,, Dislich, C., Dodson, J.R., Engstrom, K., Moran, D., 2015.
Drivers for global agricultural land use change: the nexus of diet, population, yield
and bioenergy. Glob. Environ. Change 35, 138-147. https://doi.org/10.1016/j.
gloenvcha.2015.08.011.

Ang, BW., 2005. The LMDI approach to decomposition analysis: a practical guide. Energy
Policy 33, 867-871 doi:10/dk94m7.

Ang, BW., Huang, H.C.,, Mu, AR,, 2009. Properties and linkages of some index decomposi-
tion analysis methods. Energy Policy 37, 4624-4632. https://doi.org/10.1016/j.
enpol.2009.06.017.

Ayeni, A.O., Ogunsesan, A.A.,, Adekola, O.A., 2019. Provisioning ecosystem services pro-
vided by the Hadejia Nguru wetlands, Nigeria - current status and future priorities.
Sci. Afr. 5, e00124. https://doi.org/10.1016/j.sciaf.2019.e00124.

Bateman, LJ., Harwood, A.R., Mace, G.M., Watson, R.T., Abson, D.J., Andrews, B., Binner, A.,
Crowe, A., Day, B.H., Dugdale, S., Fezzi, C., Foden, J., Hadley, D., Haines-Young, R.,
Hulme, M., Kontoleon, A., Lovett, A.A., Munday, P., Pascual, U., Paterson, J., Perino,
G., Sen, A, Siriwardena, G., Soest, D. van, Termansen, M., 2013. Bringing ecosystem
services into economic decision-making: land use in the United Kingdom. Science
341, 45-50. https://doi.org/10.1126/science.1234379.

Borger, T., Bohnke-Henrichs, A., Hattam, C.,, Piwowarczyk, J., Schasfoort, F., Austen, M.C.,
2018. The role of interdisciplinary collaboration for stated preference methods to
value marine environmental goods and ecosystem services. Estuar. Coast. Shelf Sci.,
Vectors of change in the marine environment 201, 140-151. https://doi.org/
10.1016/j.ecss.2017.03.009.

Brown, M.T., Ulgiati, S., 2016. Emergy assessment of global renewable sources. Ecol.
Model. 339, 148-156. https://doi.org/10.1016/j.ecolmodel.2016.03.010.

Campbell, E.T., Brown, M.T., 2012. Environmental accounting of natural capital and eco-
system services for the US National Forest System. Environ. Dev. Sustain. 14,
691-724. https://doi.org/10.1007/510668-012-9348-6.

Chang, M., Zheng, ]., Inoue, Y., Tian, X., Chen, Q., Gan, T., 2018. Comparative analysis on the
socioeconomic drivers of industrial air-pollutant emissions between Japan and China:
insights for the further-abatement period based on the LMDI method. J. Clean. Prod.
189, 240-250. https://doi.org/10.1016/j.jclepro.2018.02.111.

Cheng, X, Jin, Y., Song, G., 2020. Analysis on the changes in ecosystem service value and
its driving forces in Nansi Lake Basin from 1990 to 2015. Environ. Ecol. 83-88.

Chu, L., Huang, C,, Liu, Q,, Liu, G., 2015. Changes of coastal zone landscape spatial patterns
and ecological quality in Liaoning Province from 2000 to 2010. Resour. Sci. 37,
1962-1972.

Costanza, R., D'Arge, R., Groot, R.D., Farber, S., Grasso, M., Hannon, B., Limburg, K., Naeem,
S., O'Neill, R.V,, Paruelo, ]., 1997. The value of the world’s ecosystem services and nat-
ural capital. World Environ 387, 3-15.

Costanza, R., de Groot, R, Sutton, P., van der Ploeg, S., Anderson, S.J., Kubiszewski, I.,
Farber, S., Turner, RK,, 2014. Changes in the global value of ecosystem services.
Glob. Environ. Change 26, 152-158. https://doi.org/10.1016/j.gloenvcha.2014.04.002.

Cui, B, He, Q., Gu, B., Bai, J., Liu, X, 2016. China’s coastal wetlands: understanding environ-
mental changes and human impacts for management and conservation. Wetlands 36,
1-9 doi:10/f8dbgc.

David, AT., Simenstad, C.A., Cordell, J.R,, Toft, ].D., Ellings, C.S., Gray, A., Berge, H.B., 2016.
Wetland loss, juvenile Salmon foraging performance, and density dependence in Pa-
cific northwest estuaries. Estuar. Coasts 39, 767-780. https://doi.org/10.1007/
$12237-015-0041-5.

Davidson, N.C., 2014. How much wetland has the world lost? Long-term and recent
trends in global wetland area. Mar. Freshw. Res. 65, 934. https://doi.org/10.1071/
MF14173.

Eigenbrod, F., Bell, V.A,, Davies, H.N., Heinemeyer, A., Armsworth, P.R., Gaston, KJ., 2011.
The impact of projected increases in urbanization on ecosystem services. Proc. R.
Soc. B Biol. Sci. 278, 3201-3208. https://doi.org/10.1098/rspb.2010.2754.

Gomez-Baggethun, E., Tudor, M., Doroftei, M., Covaliov, S., Nastase, A., Onara, D.-F., Mierla,
M., Marinov, M., Dorosencu, A.-C., Lupu, G., Teodorof, L., Tudor, I.-M., Kdhler, B.,
Museth, J., Aronsen, E., Ivar Johnsen, S., Ibram, O., Marin, E., Craciun, A., Cioaca, E.,
2019. Changes in ecosystem services from wetland loss and restoration: an ecosys-
tem assessment of the Danube Delta (1960-2010). Ecosyst. Serv. 39, 100965.
https://doi.org/10.1016/j.ecoser.2019.100965.

Guerry, A.D., Polasky, S., Lubchenco, J., Chaplin-Kramer, R., Daily, G.C., Griffin, R,
Ruckelshaus, M., Bateman, [J., Duraiappah, A., Elmqvist, T., Feldman, M.W., Folke, C,,
Hoekstra, ., Kareiva, P.M., Keeler, B.L, Li, S., McKenzie, E., Ouyang, Z., Reyers, B.,
Ricketts, T.H., Rockstrom, J., Tallis, H., Vira, B., 2015. Natural capital and ecosystem ser-
vices informing decisions: from promise to practice. Proc. Natl. Acad. Sci. 112,
7348-7355. https://doi.org/10.1073/pnas.1503751112.

He, Q., Bertness, M.D., Bruno, J.F,, Li, B., Chen, G., Coverdale, T.C, Altieri, AH., Bai, ], Sun, T.,
Pennings, S.C,, Liu, J., Ehrlich, P.R., Cui, B., 2014. Economic development and coastal
ecosystem change in China. Sci. Rep. 4, 1-9. https://doi.org/10.1038/srep05995.

Hug, N., Pedroso, R., Bruns, A, Ribbe, L., Hug, S., 2020. Changing dynamics of livelihood de-
pendence on ecosystem services at temporal and spatial scales: an assessment in the

southern wetland areas of Bangladesh. Ecol. Indic. 110, 105855. https://doi.org/
10.1016/j.ecolind.2019.105855.

Jiang, C,, Fan, X,, Zhang, Y., 2005. Accumulation of non-point source pollutants in ditch
wetland and their uptake and purif ication by plants. Chin. J. Appl. Ecol. 1351-1354.

Jiang, H., 2016. Study on Wetland Conservation and Restoration of Eastern White Crane
(Scirpus planiculmis) Population Migration Park (Master). Northeast Normal
University.

Kusi, KK, Khattabi, A., Mhammdi, N., Lahssini, S., 2020. Prospective evaluation of the im-
pact of land use change on ecosystem services in the Ourika watershed, Morocco.
Land Use Policy 97, 104796. https://doi.org/10.1016/j.landusepol.2020.104796.

Langan, C,, Farmer, J., Rivington, M., Smith, J.U., 2018. Tropical wetland ecosystem service
assessments in East Africa; a review of approaches and challenges. Environ. Model.
Softw. 102, 260-273. https://doi.org/10.1016/j.envsoft.2018.01.022.

Li, B., Chen, D., Wu, S., Zhou, S., Wang, T., Chen, H., 2016a. Spatio-temporal assessment of
urbanization impacts on ecosystem services: case study of Nanjing City, China. Ecol.
Indic. 71, 416-427. https://doi.org/10.1016/j.ecolind.2016.07.017.

Li, L., Su, F., Brown, M.T., Liu, H., Wang, T., 2018. Assessment of ecosystem service value of
the Liaohe estuarine wetland. Appl. Sci. 8, 2561. https://doi.org/10.3390/app8122561.

Li, T, Gan, D,, Yang, Z., Wang, K., Qi, Z., Li, H., Chen, X., 2016b. Spatial-temporal evolvement
of ecosystem service value of Dongting Lake area influenced by changes of land use.
Chin. J. Appl. Ecol. 27, 3787-3796.

Li, X, Yu, X, Jiang, L., Li, W., Liu, Y., Hou, X., 2014. How important are the wetlands in the
middle-lower Yangtze River region: an ecosystem service valuation approach.
Ecosyst. Serv 10, 54-60 doi:10/gc6zh9.

Li, Y., Liu, H., 2014. Research progress on wetland classification and wetland landscape
classification. Wetl. Sci. 12, 102-108.

Li, Z., Deng, X,, Jin, G., Mohmmed, A., Arowolo, A.O., 2019. Tradeoffs between agricultural
production and ecosystem services: a case study in Zhangye. Northwest China. Sci.
Total Environ. 136032. https://doi.org/10.1016/j.scitotenv.2019.136032.

Lin, W., Xy, D., Guo, P., Wang, D., Li, L., Gao, J., 2019. Exploring variations of ecosystem ser-
vice value in Hangzhou Bay wetland, eastern China. Ecosyst. Serv. 37, 100944. https://
doi.org/10.1016/j.ecoser.2019.100944.

Liu, C, Zhang, S., Jiang, H., Li, X, Na, X,, Wen, Z., 2009. Remote sensing monitoring on dy-
namic of nesting habitats of Saunders’s Gull Larus saundersi. Acta Ecol. Sin. 29,
4285-4294.

Liu, W., Zhan, ]., Zhao, F., Yan, H., Zhang, F., Wei, X., 2019b. Impacts of urbanization-
induced land-use changes on ecosystem services: a case study of the Pearl River
Delta metropolitan region, China. Ecol. Indic. 98, 228-238. https://doi.org/10.1016/].
ecolind.2018.10.054.

Liu, X,, 2005. Northeast Wetland. Science Press, Beijing.

Liu, Z., Liy, C.,, 2006. The analysis about water resource utilization, ecological and envi-
ronment problems in Northeast China. J. Nat. Resour 700-708.

Liu, Z., Wang, Y., Geng, Y., Li, R, Dong, H., Xue, B., Yang, T., Wang, S., 2019a. Toward sus-
tainable crop production in China: an emergy-based evaluation. J. Clean. Prod. 206,
11-26. https://doi.org/10.1016/j.jclepro.2018.09.183.

Lu, H.-F, Tan, Y.-W., Zhang, W.-S., Qiao, Y.-C., Campbell, D.E., Zhou, L., Ren, H., 2017. Inte-
grated emergy and economic evaluation of lotus-root production systems on
reclaimed wetlands surrounding the Pearl River estuary, China. J. Clean. Prod. 158,
367-379. https://doi.org/10.1016/j.jclepro.2017.05.016.

Lyuy, R, Zhang, J., Xu, M., Li, J., 2018. Impacts of urbanization on ecosystem services and
their temporal relations: a case study in northern Ningxia, China. Land Use Policy
77, 163-173. https://doi.org/10.1016/j.landusepol.2018.05.022.

Mehvar, S,, Filatova, T., Sarker, M.H., Dastgheib, A., Ranasinghe, R., 2019. Climate change-
driven losses in ecosystem services of coastal wetlands: a case study in the west coast
of Bangladesh. Ocean Coast. Manag. 169, 273-283. https://doi.org/10.1016/j.
ocecoaman.2018.12.009.

Mendoza-Gonzalez, G., Martinez, M.L, Lithgow, D., Pérez-Maqueo, O., Simonin, P., 2012.
Land use change and its effects on the value of ecosystem services along the coast
of the Gulf of Mexico. Ecol. Econ. 82, 23-32. https://doi.org/10.1016/j.
ecolecon.2012.07.018.

Millennium Ecosystem Assessment, 2005. Ecosystems and human well-being: synthesis.
Island Press, Washington, DC.

Niu, Z., Gong, P., Cheng, X., Guo, J., Wang, Lin, Huang, H., Shen, S., Wu, Y., Wang, XiaoFeng,
Wang, XianWei, Ying, Q., Liang, L., Zhang, L., Wang, Lei, Yao, Q., Yang, Z., Guo, Z., Dai,
Y., 2009. Geographical characteristics of China’s wetlands derived from remotely
sensed data. Sci. China Ser. Earth Sci 52, 723-738 doi:10./b2rzsp.

Odum, H.T., 1996. Environmental Accounting: Emergy and Environmental Decision Mak-
ing. John Wiley & Sons, New York, NY, USA.

Oleson, K.L.L., Grafeld, S., Beukering, P.V., Brander, L., James, P.a.S., Wolfs, E., 2018. Charting
progress towards system-scale ecosystem service valuation in islands. Environ.
Conserv. 45, 212-226. https://doi.org/10.1017/5S0376892918000140.

Pedersen, E., Weisner, S.E.B., Johansson, M., 2019. Wetland areas’ direct contributions to
residents’ well-being entitle them to high cultural ecosystem values. Sci. Total Envi-
ron. 646, 1315-1326. https://doi.org/10.1016/j.scitotenv.2018.07.236.

Pirard, R,, Lapeyre, R., 2014. Classifying market-based instruments for ecosystem services:
a guide to the literature jungle. Ecosyst. Serv. 9, 106-114. https://doi.org/10.1016/j.
ecoser.2014.06.005.

Qi, J., Deng, W., Zhou, Y., Luo, X., 2020. Spatial - temporal evolution and driving force of
ecosystem service value in Three Gorges Reservoir Area. Yangtze River 51, 113-119.

Queiroz, L. de S., Rossi, S., Calvet-Mir, L., Ruiz-Mallén, 1., Garcia-Betorz, S., Salva-Prat, J.,
Meireles, AJ. de A., 2017. Neglected ecosystem services: highlighting the socio-
cultural perception of mangroves in decision-making processes. Ecosyst. Serv. 26,
137-145. https://doi.org/10.1016/j.ecoser.2017.06.013.

Ramsar Convention, 1971. Convention on Wetlands of International Importance, Espe-
cially as Waterfowl Habitat. Ramsar, Iran.


https://doi.org/10.1016/j.scitotenv.2020.141778
https://doi.org/10.1016/j.scitotenv.2020.141778
https://doi.org/10.1016/j.jort.2020.100284
https://doi.org/10.1016/j.jort.2020.100284
https://doi.org/10.1016/j.gloenvcha.2015.08.011
https://doi.org/10.1016/j.gloenvcha.2015.08.011
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0015
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0015
https://doi.org/10.1016/j.enpol.2009.06.017
https://doi.org/10.1016/j.enpol.2009.06.017
https://doi.org/10.1016/j.sciaf.2019.e00124
https://doi.org/10.1126/science.1234379
https://doi.org/10.1016/j.ecss.2017.03.009
https://doi.org/10.1016/j.ecss.2017.03.009
https://doi.org/10.1016/j.ecolmodel.2016.03.010
https://doi.org/10.1007/s10668-012-9348-6
https://doi.org/10.1016/j.jclepro.2018.02.111
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0055
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0055
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0060
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0060
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0060
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0065
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0065
https://doi.org/10.1016/j.gloenvcha.2014.04.002
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0075
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0075
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0075
https://doi.org/10.1007/s12237-015-0041-5
https://doi.org/10.1007/s12237-015-0041-5
https://doi.org/10.1071/MF14173
https://doi.org/10.1071/MF14173
https://doi.org/10.1098/rspb.2010.2754
https://doi.org/10.1016/j.ecoser.2019.100965
https://doi.org/10.1073/pnas.1503751112
https://doi.org/10.1038/srep05995
https://doi.org/10.1016/j.ecolind.2019.105855
https://doi.org/10.1016/j.ecolind.2019.105855
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0115
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0115
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0120
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0120
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0120
https://doi.org/10.1016/j.landusepol.2020.104796
https://doi.org/10.1016/j.envsoft.2018.01.022
https://doi.org/10.1016/j.ecolind.2016.07.017
https://doi.org/10.3390/app8122561
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0145
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0145
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0145
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0150
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0150
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0150
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0155
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0155
https://doi.org/10.1016/j.scitotenv.2019.136032
https://doi.org/10.1016/j.ecoser.2019.100944
https://doi.org/10.1016/j.ecoser.2019.100944
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0170
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0170
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0170
https://doi.org/10.1016/j.ecolind.2018.10.054
https://doi.org/10.1016/j.ecolind.2018.10.054
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0180
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0185
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0185
https://doi.org/10.1016/j.jclepro.2018.09.183
https://doi.org/10.1016/j.jclepro.2017.05.016
https://doi.org/10.1016/j.landusepol.2018.05.022
https://doi.org/10.1016/j.ocecoaman.2018.12.009
https://doi.org/10.1016/j.ocecoaman.2018.12.009
https://doi.org/10.1016/j.ecolecon.2012.07.018
https://doi.org/10.1016/j.ecolecon.2012.07.018
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0215
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0215
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0220
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0220
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0225
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0225
https://doi.org/10.1017/S0376892918000140
https://doi.org/10.1016/j.scitotenv.2018.07.236
https://doi.org/10.1016/j.ecoser.2014.06.005
https://doi.org/10.1016/j.ecoser.2014.06.005
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0245
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0245
https://doi.org/10.1016/j.ecoser.2017.06.013
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0255
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0255

F. Song et al. / Science of the Total Environment 751 (2021) 141778 13

Ricaurte, LF., Olaya-Rodriguez, M.H., Cepeda-Valencia, J., Lara, D., Arroyave-Suérez, J., Max
Finlayson, C., Palomo, I, 2017. Future impacts of drivers of change on wetland ecosys-
tem services in Colombia. Glob. Environ. Change 44. https://doi.org/10.1016/j.
gloenvcha.2017.04.001.

Roebeling, P., Abrantes, N., Ribeiro, S., Almeida, P., 2016. Estimating cultural benefits from
surface water status improvements in freshwater wetland ecosystems. Sci. Total En-
viron. 545-546, 219-226 doi:10/gc6zjb.

Sinclair, M., Ghermandi, A., Moses, S.A., Joseph, S., 2019. Recreation and environmental
quality of tropical wetlands: a social media based spatial analysis. Tour. Manag. 71,
179-186. https://doi.org/10.1016/j.tourman.2018.10.018.

Song, F,, Su, F,, Zhu, D., Li, L, Li, H., Sun, D., 2020. Evaluation and driving factors of sustain-
able development of the wetland ecosystem in Northeast China: an emergy ap-
proach. J. Clean. Prod. 248, 119236. https://doi.org/10.1016/j.jclepro.2019.119236.

Song, W., Deng, X., 2017. Land-use/land-cover change and ecosystem service provision in
China. Sci. Total Environ. 576, 705-719. https://doi.org/10.1016/j.
scitotenv.2016.07.078.

Sun, J., Yuan, X, Liu, G,, Tian, K., 2019. Emergy and eco-exergy evaluation of wetland res-
toration based on the construction of a wetland landscape in the Northwest Yunnan
plateau, China. J. Environ. Manag. 252, 109499. https://doi.org/10.1016/j.
jenvman.2019.109499.

Wang, ], Chen, Y., Shao, X, Zhang, Y., Cao, Y., 2012. Land-use changes and policy dimen-
sion driving forces in China: present, trend and future. Land Use Policy 29, 737-749.
https://doi.org/10.1016/j.landusepol.2011.11.010.

Wang, P., Wang, C,, Hu, Y., Liu, Z,, 2017. Analysis of energy consumption in Hunan Prov-
ince (China) using a LMDI method based LEAP model. Energy Procedia, Proceedings
of the 9th International Conference on Applied Energy 142, 3160-3169 doi:10/
gfkkod.

Worku, LH., Dereje, M., Minten, B., Hirvonen, K., 2017. Diet transformation in Africa: the
case of Ethiopia. Agric. Econ. 48, 73-86. https://doi.org/10.1111/agec.12387.

Xiang, H., Wang, Z., Mao, D., Zhang, ], Xi, Y., Du, B., Zhang, B., 2020. What did China’s Na-
tional Wetland Conservation Program Achieve? Observations of changes in land
cover and ecosystem services in the Sanjiang plain. J. Environ. Manag. 267, 110623.
https://doi.org/10.1016/j.jenvman.2020.110623.

Xing, Y., Jiang, Q., Wang, K., Wang, G., Yang, ], 2011. The dynamic changes of wetlands in
three northeastern provinces since 1970s. J. Jilin Univ. Sci. Ed, 600-608 https://doi.
org/10.13278/j.cnki jjuese.2011.02.032.

Xu, H., Zhao, T., He, Y., Xu, Z., Ma, C,, 2010. Effect of different vegetation types on agricul-
tural non-point nitrogen pollution in riparian wetlands. Acta Ecol. Sin. 30,
5759-5768.

Xu, Z., Fan, W., Wei, H., Zhang, P., Ren, ., Gao, Z,, Ulgiati, S., Kong, W., Dong, X., 2019. Eval-
uation and simulation of the impact of land use change on ecosystem services based
on a carbon flow model: a case study of the Manas River basin of Xinjiang, China. Sci.
Total Environ. 652, 117-133. https://doi.org/10.1016/j.scitotenv.2018.10.206.

Yang, Q. Liu, G., Casazza, M., Hao, Y., Giannetti, B.F., 2019. Emergy-based accounting
method for aquatic ecosystem services valuation: a case of China. J. Clean. Prod.
230, 55-68 doi:10/gf22wd.

Zhang, B., Shi, Y., Liu, J., Xu, ], Xie, G., 2017a. Economic values and dominant providers of
key ecosystem services of wetlands in Beijing, China. Ecol. Indic. 77, 48-58. https://
doi.org/10.1016/j.ecolind.2017.02.005.

Zhang, B,, Shi, Y., Liu, J., Xu, J., Xie, G., 2017b. Economic values and dominant providers of
key ecosystem services of wetlands in Beijing, China. Ecol. Indic. 77, 48-58. https://
doi.org/10.1016/j.ecolind.2017.02.005.

Zhang, F., Yushanjiang, A., Jing, Y., 2019. Assessing and predicting changes of the ecosys-
tem service values based on land use/cover change in Ebinur Lake Wetland National
Nature Reserve, Xinjiang, China. Sci. Total Environ. 656, 1133-1144. https://doi.org/
10.1016/j.scitotenv.2018.11.444.

Zhang, H., Chen, C,, Zheng, X., Zhangli, L., Ji, G., 2013. Evaluation of value of Wetland eco-
system Services of Zhangjiang Estuary Mangrove National Nature Reserve. Wetl. Sci.
11,108-113.

Zhong, S., Geng, Y., Kong, H., Liu, B, Tian, X., Chen, W., Qian, Y., Ulgiati, S., 2018. Emergy-
based sustainability evaluation of Erhai Lake Basin in China. ]. Clean. Prod. 178,
142-153 doi:10/gc5ngt.

Zhou, J., Kou, W., 2009. The analysis and evaluation onecological barrier structure in
China. J. Nanjing For. Univ. Sci. Ed. 33, 1-6.


https://doi.org/10.1016/j.gloenvcha.2017.04.001
https://doi.org/10.1016/j.gloenvcha.2017.04.001
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0265
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0265
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0265
https://doi.org/10.1016/j.tourman.2018.10.018
https://doi.org/10.1016/j.jclepro.2019.119236
https://doi.org/10.1016/j.scitotenv.2016.07.078
https://doi.org/10.1016/j.scitotenv.2016.07.078
https://doi.org/10.1016/j.jenvman.2019.109499
https://doi.org/10.1016/j.jenvman.2019.109499
https://doi.org/10.1016/j.landusepol.2011.11.010
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0295
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0295
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0295
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0295
https://doi.org/10.1111/agec.12387
https://doi.org/10.1016/j.jenvman.2020.110623
https://doi.org/10.13278/j.cnki.jjuese.2011.02.032
https://doi.org/10.13278/j.cnki.jjuese.2011.02.032
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0315
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0315
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0315
https://doi.org/10.1016/j.scitotenv.2018.10.206
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0325
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0325
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0325
https://doi.org/10.1016/j.ecolind.2017.02.005
https://doi.org/10.1016/j.ecolind.2017.02.005
https://doi.org/10.1016/j.ecolind.2017.02.005
https://doi.org/10.1016/j.ecolind.2017.02.005
https://doi.org/10.1016/j.scitotenv.2018.11.444
https://doi.org/10.1016/j.scitotenv.2018.11.444
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0345
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0345
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0345
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0350
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0350
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0350
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0355
http://refhub.elsevier.com/S0048-9697(20)35307-9/rf0355

	Analysis of driving forces on wetland ecosystem services value change: A case in Northeast China
	1. Introduction
	2. Materials and methods
	2.1. Study area
	2.2. Methods
	2.2.1. Land use data processing
	2.2.2. Ecosystem services frame
	2.2.3. Emergy accounting on ecosystem services
	2.2.4. Logarithmic Mean Divisia Index decomposition analysis (LMDI)

	2.3. Data sources
	2.3.1. Provision services value
	2.3.2. Regulation services value
	2.3.3. Cultural services value
	2.3.4. Supporting services value


	3. Results
	3.1. Land use
	3.2. Changes in ecosystem services value
	3.2.1. Changes in ESVs of natural wetland and the other land use
	3.2.2. Changes in different ESVs

	3.3. Drivers of ecosystem services value
	3.3.1. Drivers of the ESVp
	3.3.2. Drivers of the ESVr
	3.3.3. Drivers of the ESVc
	3.3.4. Drivers of the ESVs
	3.3.5. Drivers of the ESVt


	4. Discussion
	4.1. Factors affecting the ESVs of the wetland
	4.2. Countermeasures for improving the ESVs of the wetland
	4.3. Limitations and uncertainty

	5. Conclusion
	Declaration of competing interest
	Acknowledgments
	CRediT author statement
	Appendix A. Supplementary data
	References




