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Abstract: This study examined regional differences in ecosystem services for the Da Hinggan Mountains (DHM), China. A correction
index was constructed based on ten-year average net primary productivity (NPP) data. A new equivalent factor table that was suitable
for the assessment of wetlands in the DHM was formed by using the expert weight determination method (EWDM). An evaluation mod-
el was established for evaluating the ecosystem service value (ESV) of wetlands in the DHM. The results show that in 2020, the total
ESV of wetlands reached 93 361 x10° USD, with the forest swamp and marsh ecosystems contributing the most. From the perspective
of value composition, regulating services and supporting services are the main service functions of wetlands in the DHM. From 2010 to
2020, ESV provided by wetlands increased by 4337 x 10° USD/yr in the DHM. The value of forest swamp and peatland ecosystems in-
creased by 18.6% and 12.7%, respectively, whereas the value of swamp, shrub swamp, and marsh decreased. The research results are of
significance for contributing to local government performance evaluation and determining financial compensation for the provision of

wetland ecosystem services.
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1 Introduction

Wetlands are dynamic ecosystems lying between aquat-
ic and terrestrial ecosystems (Zedler and Kercher, 2005;
Salimi et al., 2021). Wetland ecosystems have high pro-
ductivity and provide numerous ecological benefits,
such as pollution control, water purification, and wild-
life habitat (Weis and Weis, 2004; Mitsch, 2005; Erwin,
2009). The Da Hinggan Mountains (DHM) have import-
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ant forest and wetland ecosystems, which are under
great threat because of lumbering and other human
activities (Li et al., 2020a; Wang et al., 2021). Over the
past few decades, the DHM has lost approximately 50%
of its wetlands (Dang et al., 2020). The degradation of
the ecological services of the wetland ecosystems of the
DHM has increased the frequency of natural disasters,
such as flooding, droughts, and forest fires (Li et al.,
2019; Jia et al., 2020; Xue et al., 2021).
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Various methods for evaluating the value of wetland
ecosystem services have been used in previous studies
(Brinson et al., 1995; Woodward and Wui, 2001; De
Groot et al., 2002; Costanza et al., 2014). According to
whether the data sources are obtained from the direct in-
vestigation of the research site, the evaluation methods
can be divided into two types: original evaluation meth-
od and equivalent factor method (Zhao et al., 2021). The
former method is based on the structure (composition)
and function (process) of ecosystems and the supply-de-
mand relationship of markets. The original evaluation
method can accurately assess the value of some service
functions in a small region. However, it usually re-
quires ecological process models and additional input
parameters, and the calculation process can be time-con-
suming and complicated (De Groot et al., 2006; Xie et
al., 2015; Costanza et al., 2017). The equivalent factor
method assumes that ecosystems with similar habitats
can provide empirical values per unit area (Costanza et
al., 1997). The equivalent factor method is more effect-
ive and widely used in large-scale studies (Li et al.,
2020b; Zhou et al., 2020).

Although scholars have proposed several equivalent
factor tables of wetland ecosystems, these equivalent
factor tables may ignore the differences among categor-
ies of wetland (Costanza et al., 1997; Xie et al., 2015).
To accurately evaluate the ecosystem services value
(ESV) of wetlands, it is necessary to improve the equi-
valent factor tables for different categories of wetlands.
Further, because of differences in inner structure, ser-
vices offered by different wetland ecosystems have cer-
tain spatial heterogeneity that should not be neglected
during evaluation (Zhang et al., 2017). Thus, when the
equivalent factor method is used to evaluate the ecolo-
gical value of wetlands, the corresponding spatial cor-
rection of the equivalent factor is essential (Zhao et al.,
2021). Net primary productivity (NPP), which is closely
related to ecosystem functions such as organic matter
production, gas regulation, and nutrient cycling, is fre-
quently used as a spatial correction coefficient (Wang et
al., 2014; Huang et al., 2018; Ma et al., 2021).

The assessment of ecosystem services requires the
initial identification and weight of the services that a
particular wetland provides. In this study, by using the
expert weight determination method (EWDM), the
weight of each service provided by wetlands in the
DHM was determined, and a new equivalent factor ta-

ble that was suitable for the assessment of wetlands in
the DHM was developed (Medland et al., 2020; Zhai et
al., 2021). Then, we chose vegetation net primary pro-
ductivity (NPP) as the correction index, which closely
relates to material and energy conversion in terrestrial
ecosystems, to measure wetlands’ capability of provid-
ing ecosystem services (Nemani et al., 2003; Hu et al.,
2018; Koju et al., 2020). The Wetland NPP Index was
calculated based on a ten-year annual average NPP and
used to correct the values of different services of each
wetland category in the DHM (Zhu et al., 2017; Dubey
et al., 2021). Finally, we constructed a regional value
evaluation to assess the change in ESV of wetlands from
2010 to 2020. The valuation framework and result in
this study can provide a scientific basis for local policy-
makers in wetland conservation and restoration.

2 Materials and Methods

2.1 Study area

The DHM (119°42'E-127°01'E, 48°29'N-53°33'N),
with a total area of 17.7 x 10* km?, is one of the most
important wetlands regions in China (Fig. 1). The
mountain range is dominated by low hilly terrain with
an altitude range from 137 to 1511 m (Zhao et al., 2016;
Fu et al., 2018). The perennial permafrost is concen-
trated in the northern part of the DHM (Li et al., 2008;
Zhu et al., 2021), and the permafrost thickness ranges
from 0.8 to 1.5 m (Jin et al., 2007). The highest temper-
atures in the region occur in July with an average tem-
perature of 20 °C. The average annual precipitation of
the area is 400-500 mm, and most of the precipitation is
concentrated between May and September (Li et al.,
2020c). The annual average wind speed in the region is
2-3 m/s, with a maximum wind force of 7-8 m/s. The
total population of the DHM in 2020 was 33.13 x 10%
according to the seventh national population census (ht-
tp://www.dxal.gov.cn/).

2.2 Remote sensing data and processing

We used Landsat TM (Thematic Mapper) and Landsat 8
OLI (Operational Land Imager) cloudless images down-
loaded from the United States Geological Survey
(https://earthexplorer.usgs.gov) to obtain spatial data of
wetlands in the DHM in 2010 and 2020. In total, 18
Landsat TM images and 17 Landsat 8 OLI images ac-
quired primarily in the growing season from June to
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Fig. 1 Location of the Da Hinggan Mountains (DHM), China

September were selected in the DHM. After geometric
correction, the visual interpretation method was em-
ployed to extract wetland information from Landsat im-
ages. The wetland classification system contains five
types, including peatland, marsh, shrub swamp, forest
swamp, and swamp. According to field survey data ob-
tained in 2019, the accuracy of the remote sensing inter-
pretation results of the DHM wetlands in all categories
was greater than 85%.

We used the MOD17A3HGF Version 6 product from
2001-2020 provided by the U.S. National Aeronautics
and Space Administration (NASA) as spatial correction
coefficient. MOD17A3HGF Version 6 is a global data-
set of interannual variation in terrestrial vegetation net
primary productivity (NPP) calculated by the BIOME-
BGC model at 500 m spatial resolution. The average an-
nual NPP data of each wetland patch in the DHM was
calculated with the raster calculator tool of ArcGIS 9.3.
The ten-year average annual NPP from 2001 to 2010
and 2011 to 2020 was used to calculate the
Wetland NPP_Index of each wetland patch in the two
periods. The Wetland NPP_Index calculation is shown
in Equ. (1):

NPP; — NPPp,
NPPax—NPPpin

NPP;
2NPPax
()

where NPP; is the ten-year average annual NPP value in

Wetland NPP_Index=0.5+

the two periods of patch i; NPP,,;, is the minimum NPP
value in the two periods; NPP,,,, is the maximum NPP
value in the two periods. The Wetland NPP_ Index
scores ranged from 0.5 to 1.0, 0.5 represents that wet-

land patch i is less productive and provides fewer eco-
system services, and 1.0 represents that wetland patch i
is more productive and provides more ecosystem ser-
vices. The results of the ten-year average annual NPP
and Wetland NPP_Index in the DHM in 2010 and 2020
are shown in Fig. 2.

2.3 Weight of each service provided by wetlands in
the Da Hinggan Mountains (DHM)

We designed a survey questionnaire to determine the
weight of 23 ecosystem services provided by the five
wetland types in the DHM. In the questionnaire, each
service had five response options (1 = high; 2 = medi-
um; 3 = low; 4 = no providing; 5 = uncertain). We dis-
tributed 50 questionnaires to experts who have long
been engaged in wetland-related studies. The question-
naire was fully completed by 43 experts. According to
the opinions of experts, the weight of ecosystem ser-
vices of the DHM wetland ecosystem was rated as High
(1.0), Medium (0.75), and Low (0.5) (Table 1).

2.4 Value equivalent factor

Compared with other assessment methods, the equival-
ent factor method is more intuitive and suitable for ESV
assessment at regional and global scales (Costanza et
al., 1997; Yin et al., 2021). To enhance the comparabil-
ity of the assessment results, we used the maximum
monetary value equivalent of wetland ecosystem ser-
vices provided by the Ramsar Technical Report (De
Groot et al., 2006) to evaluate the value of wetland eco-
system services in the DHM (Table 2).
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Fig. 2 Ten-year average annual net primary productivity (NPP) (a, b) and Wetland NPP Index (c, d) of the wetlands in the Da Hing-

gan Mountains (DHM), China in 2010 and 2020

2.5 Evaluating the ecosystem services value (ESV)
of wetland
Based on the calculation of the ESV of each wetland
patch, the total ESV of wetlands in the DHM was calcu-
lated using the following equation:

N

ESV = ZAi X VCix Wx Wetland NPP_Index;
i=1

@

where ESV is the total value of wetland ecosystem in the
DHM (USD), 4; is the area of the wetland ecosystem
patch i (ha), V'C; is the value equivalent factor (USD/ ha),
Wetland NPP_Index; is the spatial correction coeffi-
cient of the wetland ecosystem patch i, W is the weight

of the services provided by the five wetland types, and
N is the total number of wetland patches in the DHM.

3 Results

3.1 Change of wetlands area in the Da Hinggan
Mountains

The overall changes of wetlands in the DHM from 2010
to 2020 are shown in Table 3. Forest swamp and swamp
are the largest wetland types in the DHM, followed by
shrub marsh, marsh, and peatland. Forest swamp and
swamp account for over 80% of the total wetland area in
the DHM. Both swamp and peatland account for a small
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Table 1 Weight of each service provided by wetland types in the Da Hinggan Mountains, China

Ecosystem service Service type Peatland Marsh Shrub swamp Forest swamp Swamp
Provisioning services Food 0.75 1.00 0.75 1.00 0.75
Materials 0.75 1.00 0.75 1.00 0.75
Genetic resources 0.50 0.50 0.75 1.00 0.75
Medicinal resources 0.50 0.50 0.50 0.50 0.50
Ornamental plant resources 0.50 0.50 0.75 1.00 0.75
Regulating services Gas regulation 0.50 0.50 0.75 0.75 0.50
Climate regulation 1.00 0.75 0.75 0.75 0.75
Interference regulation 0.50 0.75 0.75 1.00 0.5
Hydrological regulation 0.75 1.00 1.00 1.00 0.75
Water supply 1.00 1.00 0.75 1.00 0.75
Soil conservation 0.75 0.75 0.75 1.00 0.75
Pollution control 0.75 1.00 1.00 1.00 0.75
Pollination 0.50 0.50 0.50 0.50 0.50
Biological control 0.75 0.75 0.75 0.75 0.75
Supporting services Shelter 0.50 0.75 0.75 1.00 0.75
Cultivation 0.50 0.75 0.50 0.50 0.75
Soil formation 0.75 0.50 0.50 0.75 0.50
Nutrient cycling 0.75 0.50 0.50 0.50 0.50
Cultural services Aesthetic value 0.75 0.75 0.75 0.75 0.75
Leisure and travel 0.50 0.75 0.75 0.75 0.50
Culture and arts 0.50 0.75 0.75 0.75 0.50
Spiritual historical value 0.75 0.75 0.75 0.75 0.50
Educational value 1.00 1.00 1.00 1.00 0.50

Table 2 The maximum monetary value of wetland ecosystem services USD/(ha-yr)

Ecosystem service Service type Maximum currency value
Provisioning services Food 2761
Materials 1014
Genetic resources 112
Medicinal resources 112
Ornamental plant resources 145
Regulating services Gas regulation 265
Climate regulation 223
Interference regulation 7240
Hydrological regulation 5445
Water supply 7600
Soil conservation 245
Pollution control 6696
Pollination 25
Biological control 78
Supporting services Shelter 1523
Cultivation 195
Soil formation 10
Nutrient cycling 21 100
Cultural services Aesthetic value 1760
Leisure and travel 6000
Culture and arts 25
Spiritual historical value 25
Educational value 25

Note: Based on data from De Groot et al. (2006), http://www.ramsar.org/pdf/lib/lib_rtr03.pdf
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Table 3 Wetland annual net primary productivity (NPP) and area in the Da Hinggan Mountains (DHM), China

Year Wetland type Average NPP/ (g/(m’yr)) Average Wetland NPP_Index Area / ha

2010 Peatland 465.0 0.633 1310
Marsh 447.6 0.701 1077 993
Shrub swamp 451.2 0.707 388 719
Forest swamp 462.9 0.705 1127 640
Swamp 451.9 0.709 66 848

2020 Peatland 481.9 0.731 1321
Marsh 459.0 0.718 1034075
Shrub swamp 465.8 0.753 304 828
Forest swamp 484.8 0.753 1222272
Swamp 462.7 0.715 52928

proportion. Forest swamp is located mainly in the north-
ern and eastern parts of the DHM, and marsh is located
mainly in the southern and western parts (Fig. 3). In
terms of wetland ecosystem changes, the area of forest
swamps continues to increase, while the area of other
wetland types has slightly decreased. The area of forest
swamps in the DHM increased by 9.5 x 10" ha, but that
of all the wetland ecosystems together still decreased by
4.7 x 10" ha.

3.2 Change of NPP in the Da Hinggan Mountains

In 2020, the NPP of forest swamp was the highest with
an average of 484.87 g/(m*yr)(C) (Table 3), and the
NPP of the marsh was the lowest with an average of
459.0 g/(m*-yr). Over the past 20 yr, the ten-year aver-
age annual NPP of wetlands in the DHM has shown an
increasing trend (Table 3). The NPP increased signific-
antly in forest swamp and peatland, which were
21.9 g/(m*yr) and 16.9 g/(m*yr), respectively. The av-
erage Wetland NPP_Index inthe DHM shows an in-
creasing trend, with an overall average Wetland
NPP_Index 0f 0.691 in 2010 and 0.734 in 2020 (Table 3).

3.3 Overall value assessment of wetland ecosystem
services in the Da Hinggan Mountains

In terms of wetland type, forest swamp and marsh
provide the highest ESV, accounting for over 84% of
the total, while peatland provides the lowest ESV
(Table 4). In terms of service type, regulating services
and supporting services provided the most value, ac-
counting for over 79.8% of the total. In general, over the
past 10 yr, the total value of wetland ecosystem ser-
vices in the DHM increased from 89 023.55 x 10° USD

in 2010 to 93 361 x 10° USD in 2020. The ESV of
forest swamp and peatland increased by 18.6% and
12.7%, respectively. The ESV of the swamp, shrub
swamp, and marsh decreased by 19.3%, 16.0%, and
1.7%, respectively.

4 Discussion

The results reveal that the value of wetland ecosystem
services increased by 4.8% during the past 10 yr
(Table 4), although the area of wetlands decreased
slightly by 1.8% over the same period. The climate
shifts and wetland protection were the main underlying
reasons for the increase of NPP of wetlands, which in-
creased production capacity to provide more ecosystem
services. However, the wetlands outside nature reserves
in the DHM are still vulnerable to human activities,
such as land reclamation and deforestation (Zhao et al.,
2018; He et al.,, 2021). Fortunately, in recent years,
within the Ecological Functional Conservation Areas
(EFCA) in China, the local government has placed in-
creasing emphasis on local ESV as an important evalu-
ation criterion, like local GDP (Ouyang et al., 2020; Li-
ang et al., 2021). Our results can provide a basis for loc-
al government performance evaluation and determining
financial compensation for the provision of wetland eco-
system services.

The results of our approach not only provided total
ESVs reflecting the differences between the types of
wetland ecosystems in the DHM but also provided com-
prehensive information on the spatial scale of important
wetlands to local decision-makers. Our results can re-
veal the location and intensity of ESV providing by wet-
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Fig. 3 Distribution of wetlands types in 2010 (a) and 2020 (b) in the Da Hinggan Mountains (DHM), China

lands in the DHM (Fig. 4). From 2000 to 2020, the GDP
of the DHM grew by 15.0 x 10® USD, with an annual
growth rate of 6.3%. In the same period, the population
of the DHM significantly declined by 40.1%, from
50.58 x 10* in 2010 to 33.13 x 10* in 2020. The total
value of wetland ecosystem services in the DHM was
over 50 times that of local GDP in 2020. For inland wet-
land ecosystems, especially those located in less-de-
veloped regions, the harmful impacts are mainly from
socio-economic development and human intervention
(Ayeni et al., 2019; Song et al., 2021). It is critical for
the DHM and other similar EFCAs, featured by low

GDP, low population density, and high ESV, to devel-
op a method that converts ecosystem services into a
common monetary metric.

Compared with original evaluation methods, remote
sensing data enable a more reliable and rapid evaluation
method of large areas, especially for wetlands in areas
lacking experimental data on large scales. The applica-
tion of remote sensing data based on local field surveys
can reduce the evaluation uncertainty and exhibit the
spatial distribution of the wetland ecosystem services.
Our results not only provided the total value of wetland
ecosystem services in the DHM but also highlighted

Table 4 The value of wetland ecosystem services in the Da Hinggan Mountains (DHM), China / (10° USD/yr)

Year Wetland type Provisioningservices Regulating services Supporting services Cultural services Total

2010 Peatland 2.49 17.26 13.76 3.58 37.09
Marsh 2995.47 19 462.05 8959.93 4417.17 35 834.62
Shrub swamp 847.46 6573.82 3258.74 1606.53 12 286.55
Forest swamp 3207.66 21705.83 9593.74 4581.39 39 088.62
Swamp 143.30 883.05 548.75 201.57 1776.67
Total 7196.38 48 642.01 2237492 10 810.24 89 023.55

2020 Peatland 2.78 19.27 15.36 4.40 41.81
Marsh 2943.31 19 123.17 8803.92 4340.26 35210.66
Shrub swamp 711.64 5520.25 2736.47 1349.06 10317.42
Forest swamp 3804.18 25742.42 11377.87 5433.38 46 357.85
Swamp 115.61 712.41 44271 162.62 1433.35
Total 7571.52 51117.52 23376.33 11289.72 93361.09
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Fig. 4 Ecosystem Service Value (ESV) of the Da Hinggan Mountains (DHM), China in 2010 (a) and 2020 (b)

those wetlands with higher ESV, which have meaning-
ful implications for the conservation and management of
local wetlands. However, the results presented here are
still preliminary due to the lack of NPP data at fine spa-
tial resolution. The NPP equivalent method used in this
study also has limited applicability in those wetlands
that consisted largely of open water, such as rivers and
lakes. Therefore, more high-resolution remote sensing
data, socio-economic data, and field measurements
should be involved in improving the ESV evaluation of
wetlands in future studies.

5 Conclusions

According to the current wetlands situation in the DHM,
we revised the equivalent factors of the Ramsar Tech-
nical Report by using the expert weight determination
method (EWDM) and developed a correction index
based on ten-year averaged NPP data in this study. A
valuation framework for 23 ecosystem services
provided by five wetland types in the DHM was de-
veloped and a regional value evaluation was used to
evaluate the changes in ESV from 2010 to 2020. The
results showed that the wetland ecosystem services in
the DHM have a total value of 93 361 x 10° USD in
2020, of which the forest swamp and marsh ecosystems
contributed the most with an increase of 4.8% over the
past 10 yr. From 2010 to 2020, ESV provided by wet-
lands increased by 4337.54 x 10° USD while the area of

wetlands in the DHM decreased by 1.8%, as a result of

climate change and implementation of wetland protec-
tion policies. The application of questionnaire results
based on the EWDM can improve evaluation accuracy
for regional evaluation. Our results can serve as a source
of information for evaluating local government perform-
ance and determining financial compensation for the
provision of wetland ecosystem services.
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