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Abstract: As “kidneys of the earth”, wetlands play an important role in ameliorating weather
conditions, flood storage, and the control and reduction of environmental pollution. With the
development of local economies, the wetlands in both the Amazon and Yangtze River Basins have
been affected and threatened by human activities, such as urban expansion, reclamation of land from
lakes, land degradation, and large-scale agricultural development. It is necessary and important to
develop a wetland ecosystem health evaluation model and to quantitatively evaluate the wetland
ecosystem health in these two basins. In this paper, GlobeLand30 land cover maps and socio-economic
and climate data from 2000 and 2010 were adopted to assess the wetland ecosystem health of the
Yangtze and Amazon River Basins on the basis of a pressure-state-response (PSR) model. A total
of 13 indicators were selected to build the wetland health assessment system. Weights of these
indicators and PSR model components, as well as normalized wetland health scores, were assigned
and calculated based on the analytic hierarchy process method. The results showed that from 2000 to
2010, the value of the mean wetland ecosystem health index in the Yangtze River Basin decreased
from 0.482 to 0.481, while it increased from 0.582 to 0.593 in the Amazon River Basin. This indicated
that the average status of wetland ecosystem health in the Amazon River Basin is better than that in
the Yangtze River Basin, and that wetland health improved over time in the Amazon River Basin but
worsened in the Yangtze River Basin.
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1. Introduction

Wetlands are biologically diverse and productive transitional areas between the land and open
water. They are characterized by waterlogged soil overlaid by shallow water with interspersed
submerged or emergent vegetation [1]. Wetlands play an important role in flood prevention, water
purification and control, air purification, climate regulation, nutrient cycling, and biodiversity
conservation. The world’s wetlands are also pit stops for migratory birds, offering protection and
food before the birds continue on to their final destination [2]. The health of inland wetlands has
significant influence on the health of associated terrestrial and aquatic ecosystems by affecting the
ecological stability of regional river basins [3]. The ecosystem health of inland wetlands is, therefore,
of global importance.

The term ecosystem health was first proposed by Rapport et al. [4]. They defined it as ecosystem
stability and sustainability, or the ability to maintain organizational structure, self-regulation, and
resiliency. The assessment of wetland health has evolved from using only qualitative methods
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to using both qualitative and quantitative means of assessment. Commonly used methods
include the evaluation of LDI (landscape development intensity) [5], synoptic [6], and HGM
(hydrogeomorphic) approaches [7], indices of biological integrity (IBI) [8], landscape pattern indices [9],
and pressure-state-response (PSR) modeling methods [10]. The PSR model, first proposed by Rapport
and Friend [10] and later fully developed by the Organization for Economic Cooperation and
Development [11], provides a systematic mechanism to monitor the status of an environment or
the sustainable development of natural resources and environmental ecology. By dividing the factors
in terms of pressure, state, and response, the PSR model considers both natural and socio-economic
factors, clearly describes cause and effect relationships, and involves indicators that are relatively easy
to obtain, so we used the PSR model to assess wetland ecosystem health in this paper.

Traditionally, ecosystem health assessment had been conducted using field observation data or
models. Water birds [12,13], macro-invertebrates and fish [14,15], plants [16], and water quality [17]
data have been used to reflect wetland health conditions. These field observation data cannot be widely
applied on a large spatial scale [18] and have difficulty providing spatially and temporally explicit
assessments [19]. Instead, remote sensing data have a high potential for assessing and monitoring
ecosystem health at different temporal and spatial scales across extensive areas [19,20]. Therefore, they
are increasingly being used to assess wetland ecosystem health; for example, Jiang et al. [21] assessed
the wetland ecosystem health of the Liaohe River Delta in China using the PSR model, remote sensing,
and GIS technology at the watershed scale. Recently, Chen et al. [22] produced global land cover maps
(GlobeLand30) for 2000 and 2010 with a spatial resolution of 30 m, which are extremely useful for the
evaluation of regional ecosystems.

The Amazon and Yangtze Rivers are the second and third longest rivers in the world, respectively,
and both river basins are struggling with the proper coordination of ecological, environmental, and
economic development. China and Brazil are both developing countries, and with the development of
their economies, wetlands in both the Amazon and Yangtze River Basins are affected and threatened by
human activities, such as urban expansion, reclamation of land from lakes, and large-scale agricultural
development in wetlands. A comparison of wetland ecosystem health between the Yangtze River
Basin and Amazon River Basin could provide references for the protection of wetlands in both basins.
To deeply understand the status of the wetlands and protect the wetland ecosystem, some studies
have used different methods to evaluate the wetland ecosystem health in the Yangtze River Basin.
For example, with the PSR model and remote sensing data, Jiang et al. [3] and Sun et al. [23] evaluated
the wetland ecosystem health in Dongting Lake and Hangzhou Bay, respectively, which are located
in the middle and lower reaches of the Yangtze River Basin. Mo et al. [17] used a back propagation
artificial neural network approach to evaluate the ecosystem health of the Honghu Lake wetland in the
middle reaches of the Yangtze River Basin. However, little work has been done to evaluate wetland
health for the whole Yangtze and Amazon River Basins. The objective of this paper is to establish a
wetland ecosystem health assessment model using the PSR method to quantitatively evaluate and
compare wetland ecosystem health in the Yangtze and Amazon River Basins between 2000 and 2010.

2. Materials and Methods

2.1. Study Area

The study area includes the Yangtze River Basin in China and the Amazon River Basin in Brazil
(Figure 1). The Yangtze River Basin is the third largest river basin in the world, with a total area
of 1,800,000 km?. It is in multistage ladder terrain, flowing through the Qinghai-Tibetan Plateau,
Hengduan Mountains, Sichuan Basin, and the middle-lower portion of the Yangtze plain. The climate
in the basin is a typical subtropical monsoon climate, making it hot and rainy in the summer and
warm and humid in the winter. The annual average rainfall is 1067 mm, decreasing from southeast to
northwest. The Yangtze River flows through 19 provinces in China, and the basin includes the whole
area of Sichuan, Chongqing, Hubei, Hunan, and Jiangxi provinces and part of the area of Qinghai,
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Xizang, Gansu, Shanxi, Yunnan, Guizhou, Guangxi, Guangdong, Henan, Anhui, Jiangsu, Shanghai,
Fujian, and Zhejiang provinces. There are approximately 400 million people in the Yangtze River Basin,
accounting for one-third of the Chinese population. The average population density is more than
220 people-km~?2, and with its rapid economic development, the per capita gross domestic product
(GDP) in the Yangtze River Basin was more than $3000 in 2010.
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Figure 1. Study Area.

The Amazon River is 6400 km in length, making it the second longest river in the world.
The Amazon River Basin (6° N-20° S, 79° W-48° W) is located in the northern part of South America,
has an area of 6,915,000 km?2, and flows through Peru, Brazil, Bolivia, Ecuador, Columbia, Venezuela,
and other countries. The area of the Amazon River Basin makes it the largest basin in the world.
Approximately 2/3 of the basin, an area of 3,900,000 km?, is in Brazil. The Amazon River Basin has
plenty of water throughout the year; the average annual flow is 220,000 m3s~! at the mouth, and
during the flood period it is up to 280,000 m3s~!. Most parts of the basin have a tropical rain forest
climate, meaning it is warm, humid, and rainy. The average annual rainfall in the Amazon River
Basin is 2000 mm or more. The Amazon’s tropical rainforest accounts for 1/3 of the total tropical
rainforests in the world. The Amazon River Basin in Brazil includes the whole area of Acre, Amazonas,
Santa Catarina, Rondoénia, and Roraima states and part of the area of Amapd, Mato Grosso, and
Para states. The average population density is less than 10 people-km 2, and the per capita GDP in
the Amazon River Basin in Brazil was more than $10,000 in 2010.

Wetlands in both the Amazon and Yangtze River Basins are largely affected by human activities.
Since the 1950s, approximately 1100 km? of the intertidal land in the Yangtze River Delta has been
embanked, resulting in the disappearance of saltmarshes and even the entire intertidal zone along
some sections of the coastline [24]. Using satellite images, the latest analysis of the Amazon River
Basin found that an average of 15,550 km? of forest has been selectively cut down. Selective cutting
intensifies erosion processes [25] and directly or indirectly affects the health of wetlands in river basins.
Part of Brazil’s Pantanal wetland, the world’s largest wetland, is in the southwest of the Amazon River
Basin. In recent years, nearly 99% of Pantanal land has been occupied by human beings and has been
used particularly for farmland and pasture. Therefore, the protection of Pantanal land has become
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an imminent problem. The Pantanal wetland ecosystem is facing a crisis caused by human activity,
including unregulated fishing, hunting, endangered species smuggling (e.g., alligators, leopards, lynx,
and parrots), unregulated tourism activities, and deforestation [26].

2.2. Selection of Indicators

According to the PSR model, the indicators can be divided into three categories: pressure, state,
and response. Taking into account the data availability, we chose 13 ecosystem indicators in total to
establish the wetland ecosystem health evaluation model. Details of these indicators are shown in
Table 1.

Table 1. Indicators of wetland ecosystem health in the Yangtze and Amazon River Basins.

Criteria Indicator Health-Related

Population density (people-km~2) -

Gross domestic product (GDP) (RMB Yuan-km~2) —
Urbanization rate (%) -

Pressure of cultivated land (%) —

Pressure

Average annual rainfall (mm) +

Net primary productivity (NPP) (gC-m~2) +

Terrain slope (°) -

State Patch density +
Perimeter area fractal dimension +

Shannon’s diversity index +

Contagion index +

Response Wetland area (km?) +
Ecosystem services value (RMB Yuan) +

“u, u_n

+” means positive, means negative.

The pressure factors include indirect pressure (such as human activities) and direct pressure
(such as resource utilization and pollution emission). Pressure is a measure of the intensity of wetland
utilization and the rate of change in wetland resources within a particular period. Human economic
activities play a much greater role in wetland change. This pressure is caused by the population
density, GDP, urbanization rate, and pressure of cultivated land. Jiang et al. [3] and Jia et al. [27] have
indicated that it is reasonable to assume that greater population densities increase the negative impact
to the health of wetlands. Jiang et al. [21] and Jia et al. [27] used GDP data to evaluate the health
conditions of their study area. Therefore, in this paper, we chose population density and GDP to
indicate ecosystem pressure. The urbanization rate and pressure of cultivated land were selected based
on previous studies [28]. The urbanization rate is calculated as the ratio of artificial land area to the
total area. The pressure of cultivated land is calculated as the ratio of cultivated land to the total area.

The state factors indicate the current situation of the ecological system and natural environment,
which were used to describe the structure of the wetland ecosystem composition and the function of the
wetland under pressure. Water state transformation and movement are the most important processes
in wetland ecosystems, which are determined by the landscape, flooding, rainfall, and evaporation.
Therefore, we chose the average annual rainfall [29,30], net primary productivity (NPP) [31], and
terrain slope to evaluate the state of wetland ecosystem health [32]. Because a landscape index can be
used to convey pattern information about wetland landscapes [33,34] and the landscape metrics are
sensitive to scale [35], we chose patch density, perimeter area fractal dimension, Shannon’s diversity
index, and the contagion index to quantify the state of wetland ecosystem health [36]. We obtained
these landscape indices from GlobeLand30, added the areas of wetland and water as the total wetland
area, and then used the landscape index formula through Fragstats 4.4.

Human pressure can cause changes in wetland environments and natural resources, which were
used as the response indicators. The proportion of wetland area and the ecosystem services value were
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chosen as the response indicators. We obtained the wetland area from GlobeLand30, and the ecosystem
services value was calculated using the coefficient of ecosystem services value from Costanza [37].

2.3. Data and Pre-Processing

We used raster and socio-economic data to evaluate wetland ecosystem health. The raster data
included the GlobeLand30 land cover map [22], net primary productivity (NPP), a digital elevation
model (DEM), and rainfall data. The GlobeLand30 land cover map at 30 m was produced from
10,000 Landsat-like satellite images based on the integration of pixel- and object-based methods with
knowledge (POK-based) [22]. A split-and-merge strategy was employed to handle the classification
process of land cover types [22]. In this study, we choose the GlobeLand30 land cover map for the
years 2000 and 2010. The land cover types of GlobeLand30 include cropland, forest, grass, shrub,
wetland, water, artificial cover, bare cover, and permanent ice or snow.

The land cover maps were resampled at 1 km resolution by calculating the proportion of each
land cover type within each 1 km grid cell. We processed the GlobeLand30 land cover using the
following method: first, we determined the ratio statistics of different land cover types at 30 m
resolution in a 1 km grid; then, we resampled the 30 m resolution data to 1 km resolution and
extracted the land types from the resampled data, including croplands, forest, grass, artificial cover,
water, and wetlands. The 1 km resolution MODIS NPP data were downloaded from the website
https:/ /ladsweb.nascom.nasa.gov/data/search.html. The 1 km resolution DEM data were obtained
from http:/ /www.gscloud.cn/. The average annual rainfall data between 2000 and 2010 were obtained
from the global weather data databases for SWAT (Soil and Water Assessment Tool) data sharing
platforms (http://globalweather.tamu.edu).

The socio-economic data included population and GDP. The gridded population and GDP data in
the Yangtze River Basin were downloaded from the website http://www.geodata.cn. The population
of the Yangtze River Basin was divided into 1 km grid cells according to the linear relationship
between population and croplands, forest, grass, and urban and rural areas [38-40]. The GDP grid
was also based on the relationship between GDP and land cover, including croplands, forest, grass,
and artificial cover, and was disaggregated into a 1 km grid based on the methods in Liu et al. [41].
In the Amazon River Basin, the population density grid data were downloaded from the website
http:/ /beta.sedac.ciesin.columbia.edu/data/collection/gpw-v4/sets/browse. We disaggregated the
GDP data into a 1 km grid based on the relationship between GDP and land cover, including croplands,
forest, grass and artificial cover in the Amazon River Basin.

Because the indicators differ in units and dimensionality, we used a linear scale transformation of
the max—min method [42] to normalize the data and scale the value of all indicators from 0 to 1.

2.4. Weight of Evaluation Factors

The analytic hierarchy process (AHP) method was used to determine the weight of factors; this is a
multi-criteria decision-making (MCDM) approach that was developed by Saaty [43-45]. To determine
the weight of factors, four AHP matrixes were created by pairwise comparison of every two factors
according to the relative importance of the factors to a higher-level indicator. By referring to the studies
of Junk [46] and Cui and Yang [28], we determined the relative importance as follows: (1) pressure:
urbanization rate > pressure of cultivated land > population density > GDP; (2) state: NPP > average
annual rainfall > patch density > perimeter area fractal dimension > Shannon’s diversity index >
contagion index > terrain slope; (3) response: wetland area > ecosystem services value. Then, we
generated the final AHP matrixes (Table 2) based on Satty’s scale [43].

The weights of different indicators were computed using the Yet Another AHP 9.0 software
(Beijing Xinshengyun Software Company, Beijing, China), which is based on eigenvector values.
The last column of Table 2 shows the weight of each indicator.
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Table 2. Analytic hierarchy process (AHP) matrix and weight of indicators.

Higher Level Lower Level Indicator AHP Matrix Priority Weight
Indicator A B C D E F G

Wetland A. Pressure 1 1/3 3 0.2583
ecosystem B. State 3 1 5 0.6370
health C. Response 1/3 1/5 1 0.1047

A. Population density 1 3 1/5 1/3 0.1175  0.030

Pressure B. GDP 1/3 1 1/7 1/5 0.0553 0.014

C. Urbanization rate 5 7 1 3 0.5650 0.146

D. Pressure of cultivated land 3 5 1/3 1 0.2622 0.068

A. Average annual rainfall 1 1/3 7 3 4 5 6 0.2448 0.156

B. NPP 3 1 9 4 5 6 7 0.3939 0.251

C. Terrain slope 1/7 1/9 1 1/6 1/5 1/4 1/3 00225 0.014

State D. Patch density 1/3 1/4 6 1 3 4 5 0.1518 0.097

E. Perimeter area fractal dimension 1/4 1/5 5 1/3 1 3 4 0.0935 0.060

F. Shannon'’s diversity index 1/5 1/6 4 1/4 1/3 1 3 0.0576 0.037

G. Contagion index 1/6 1/7 3 1/5 1/4 1/3 1 0.0359  0.023

Response A. Wetland area 1 5 0.8333 0.087

B. Ecosystem services value 1/5 1 0.1667  0.017

Each value in the AHP matrix represents the relative importance of an indicator in a row compared with an indicator
in a column. The value 1 means that the indicator in the row is equally important to the indicator in the column,
while the value 9 means that the indicator in the row has absolute importance over the indicator in the column.

2.5. Assessment of Wetland Ecosystem Health

The integrated indicators of pressure, state, effect, and response for each unit were obtained by
the following linear function according to the standardized value and weight of each indicator:

n
HI =Y W;xC; 1)
i=1

where HI is the value of the pressure, state, and response indicator. W; is the weight of the i-th indicator,
and C; is the standardized value of the i-th indicator. The wetland ecological health index (WEHI) is
the sum of pressure, state, and response, HI. The reclassified standards of WEHI are given in Table 3.

Table 3. Wetland ecological health index (WEHI) reclassified standard.

Rank Best Good Moderate Poor
WEHI WEHI>0.71 0.70>WEHI>0.51 050>WEHI>031 0.30>WEHI

3. Results

3.1. Dynamic Changes in the Wetland Ecological Health Index in the Yangtze River Basin

The wetlands in the northwestern areas and the central and eastern urban areas, including
Chongging, Wuhan, and Shanghai, are in poor health (Figure 2). The wetlands in the northwestern
areas were unhealthy because of the poor natural environment. In Chongqing, Wuhan, and Shanghai,
high urbanization rates, the degree of landscape fragmentation, and low NPP were the main reasons
for poor wetland health.

In Qinghai and Xizang provinces, the values of pressure indices were high, and the state indices
were low both in 2000 and 2010 (Table 4). Because economic development in Qinghai and Xizang
provinces was slow, the GDPs in these two provinces were the lowest in the entire Yangtze River
Basin. Furthermore, the natural conditions in Qinghai and Xizang provinces were poor; the elevation
is high, the terrain is mountainous, and rainfall and NPP were low. The values of the state indices
in Fujian and Jiangxi provinces were high (Table 4) owing to high NPP and rainfall rates (Table 5).
The response values were high in Jiangsu provinces because of their relatively large wetland areas and
high ecosystem values (Table 4).
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Figure 2. Spatial pattern of wetland ecosystem health in the Yangtze River Basin in 2000 and 2010.
(a) 2000; (b) 2010; (c) Change in wetland ecological health index from 2000 to 2010.
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Table 4. The average PSR (pressure-state-response) values in different provinces of the Yangtze

River Basin.

Province P2000 P2010 $2000 $2010 R2000 R2010
Shanghai 0.171 0.171 0.227 0.256 0.013 0.012
Zhejiang 0.191 0.193 0.264 0.251 0.008 0.009
Jiangsu 0.207 0.205 0.244 0.245 0.029 0.018
Anhui 0.212 0.212 0.265 0.266 0.017 0.013
Henan 0.210 0.210 0.215 0.208 0.012 0.012
Chongging 0.211 0.212 0.254 0.230 0.008 0.010
Hubei 0.215 0.216 0.247 0.257 0.017 0.015
Jiangxi 0.225 0.225 0.288 0.318 0.016 0.011
Hunan 0.226 0.224 0.268 0.277 0.014 0.012
Shanxi 0.232 0.235 0.223 0.210 0.005 0.006
Sichuang 0.225 0.224 0.226 0.212 0.006 0.007
Yunnan 0.229 0.231 0.231 0.210 0.009 0.007
Guangdong 0.242 0.229 0.289 0.276 0.010 0.010
Guizhou 0.229 0.230 0.242 0.224 0.005 0.005
Gansu 0.235 0.236 0.202 0.200 0.004 0.005
Guangxi 0.230 0.226 0.254 0.245 0.004 0.004
Fujian 0.245 0.245 0.291 0.319 0.003 0.003
Xizang 0.255 0.255 0.145 0.145 0.007 0.006
Qinghai 0.258 0.258 0.122 0.117 0.011 0.008

Table 5 shows that the areas with the fastest growth rate were Shanghai (10.37%), Fujian (5.22%)
and Jiangxi (4.34%), and the areas with the most rapid reduction rate were Guangdong (—5.07%),
Yunnan (—4.95%),, Chongqing (—4.65%), and Guizhou (—3.51%). Because of extreme drought in 2010,
the average rainfall significantly declined in Guizhou (—5.15%), Chongqing (—5.82%) and Yunnan
(—12.86%) (Table 5). This contributed to reduced wetland ecosystem health in these provinces.

The total wetland area in the Yangtze River Basin decreased from 43,397.150 km?2 in 2000 to
42,589.728 km? in 2010, the average wetland ecosystem health slightly decreased from 0.482 to 0.481,
indicating poorer wetland ecosystem health from 2000 to 2010.

Table 5. The average health of the wetland ecosystem and rainfall in different provinces of the Yangtze

River Basin.
. Averag.e Averag‘e Ra'te of Increase Rainfall in Rainfall in Rate of‘
Province Health in Health in in Wetland 2000 (mm) 2010 (mm) Increase in
2000 2010 Health Rainfall
Shanghai 0.409 0.451 10.37% 1043.1 1059.4 1.56%
Jiangxi 0.528 0.551 4.34% 1379.9 1758.1 27.41%
Fujian 0.540 0.568 5.22% 14714 1877.0 27.56%
Zhejiang 0.463 0.455 —1.74% 1085.6 1240.6 14.27%
Hubei 0.478 0.484 1.35% 991.9 1083.4 9.22%
Hunan 0.508 0.510 0.45% 1180.5 1356.1 14.87%
Gansu 0.441 0.441 —-0.11% 686.1 702.4 2.37%
Henan 0.436 0.425 —2.51% 883.8 836.2 —5.39%
Anhui 0.493 0.484 —1.74% 1007.6 1331.1 32.10%
Shanxi 0.459 0.451 —1.84% 863.5 816.6 —5.44%
Xizang 0.405 0.405 0.02% 570.0 521.4 —8.53%
Qinghai 0.390 0.382 —2.11% 366.1 375.2 2.48%
Sichuang 0.456 0.442 —2.95% 752.5 755.9 0.45%
Guangdong 0.542 0.514 —5.07% 1347.8 1368.3 1.53%
Jiangsu 0.477 0.458 —3.92% 982.0 1031.8 5.07%
Guizhou 0.476 0.459 —3.51% 974.1 924.0 —5.15%
Chongging 0.472 0.450 —4.65% 1034.8 974.5 —5.82%
Guangxi 0.487 0.474 —2.65% 1165.7 1186.9 1.82%

Yunnan 0.469 0.446 —4.95% 820.3 714.9 —12.86%
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3.2. Dynamic Changes in the Wetland Ecological Health Index in the Amazon River Basin

In 2000 and 2010, the wetlands with poor ecosystem health were mostly distributed in the central
and southern regions of the Amazon River Basin (Figure 3). Table 6 shows that the value of the state
index for Santa Catarina, in the central region of the Amazon River Basin, was low both in 2000 and
2010. In the southern region, Mato Grosso had a similarly low value for the response index in 2000 and
2010. High population density and the degree of landscape fragmentation were the main reasons for
these low response index values. The pressure index value was low in Mato Grosso because of the
lower population. The state indices in Acre and Rondénia were high owing to the high NPP values in
these two states. Finally, the response index was high in Amazonas and Para due to the high ecosystem
values and large wetland areas (Table 6).

Table 7 shows that the growth rate of wetland health is largest in Mato Grosso (4.94%) and Para
(3.93%), while the greatest reduction rates were found in Acre (—4.90%), Rondonia (—2.49%), and
Amapa (—1.19%). Rondodnia, in the southwest of the Amazon Basin, suffered an extreme drought in
2010. The annual rainfall decreased by approximately 12.59% from 2000 to 2010, which contributed to
the decrease in wetland ecosystem health in 2010 (Table 7).

Generally, wetland ecosystem health improved from 2000 to 2010 in the Amazon River Basin in
Brazil, with the average value increasing from 0.582 to 0.593.

Table 6. The average PSR (pressure-state-response) value in different Amazon River Basin states.

State P2000 P2010 $2000 $2010 R2000 R2010
Acre 0.257 0.256 0.302 0.272 0.019 0.022
Amapa 0.258 0.258 0.237 0.234 0.048 0.045
Amazonas 0.258 0.258 0.275 0.282 0.066 0.070
Mato Grosso 0.252 0.250 0.255 0.281 0.029 0.030
Para 0.258 0.258 0.234 0.247 0.061 0.063
Rondonia 0.257 0.257 0.280 0.255 0.041 0.051
Roraima 0.258 0.258 0.252 0.253 0.042 0.045
Santa Catarina 0.258 0.258 0.239 0.268 0.050 0.043

Table 7. The average health of wetland ecosystem and rainfall in different Amazon River Basin states.

Averag.e Averag.e Growth Rate of  Rainfall in Rainfall in Growth

State Health in Health in Wetland Health 2000 (mm) 2010 (mm) Rate of
2000 2010 Rainfall

Mato Grosso 0.535 0.562 4.94% 1988.67 2946.82 48.18%
Santa 0.547 0.569 3.93% 2218.94 2539.97 14.47%

Catarina

Para 0.553 0.567 2.70% 2227.87 2928.18 31.43%
Amazonas 0.600 0.610 1.77% 2900.18 2794.46 —3.65%
Roraima 0.553 0.557 0.74% 2747.35 1910.81 —30.45%
Amapa 0.543 0.537 —-1.19% 2640.07 1461.14 —44.66%
Rondoénia 0.576 0.561 —2.49% 2777.15 2427.59 —12.59%

Acre 0.579 0.550 —4.90% 2091.95 2016.89 —3.59%
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Figure 3. Spatial pattern of wetland ecosystem health in the Amazon River Basin in 2000 and 2010.
(a) 2000; (b) 2010; (c) Change in wetland ecological health index from 2000 to 2010.
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4. Discussion

The reduction in wetland ecosystem health in the Yangtze River Basin may largely be attributed
to urban expansion and intertidal land. First, rapid urban expansion occupied part of the wetlands,
particularly in the middle and lower reaches of the basin. According to the GlobeLand30 data, the
area of artificial land increased from 26,349.94 km? to 31,506.49 km? between 2000 and 2010, with
281.44 km? transformed from wetlands and water to artificial land. Second, approximately 1100 km? of
the intertidal land had been embanked since the 1950s, resulting in the disappearance of saltmarshes
and even the entire intertidal zone along some sections of the coastline [24]. Rapid urban expansion and
intertidal land embankment brought great benefits to the local economy in the short term but exposed
the wetland ecosystem to strong pressures that resulted in a reduction of wetland habitat areas and an
increase in landscape fragmentation, water pollution, and coastal wetland vulnerability. Wang et al. [47]
evaluated the collective threat from natural pressures and human activity and concluded that the
combined effects of these factors created a high risk of large reductions, and possibly even the total
loss, of coastal wetland habitat. The third change in the Yangtze River Basin due to human interference
was the construction of deep-waterway structures at the river mouth bar, which greatly modified local
hydrodynamics and morphology. Sediment accretion increased significantly in these areas as a result
of sheltering by these deep-waterway structures [24].

Other studies have evaluated wetland ecosystem health in parts of the Yangtze River Basin, and
the results were the same as those in this study. Sun et al. [23] found that wetland ecosystem health
in Hangzhou Bay (south of Shanghai and northeast of Zhejiang Province) was slightly restored from
2000 to 2010. The main reasons for wetland restoration during this period were improvements in
wetland ecosystem state and response, the establishment of wetland reserves and parks, amended
regulations, and increased protection efforts [48-50]. In this study, the average wetland ecosystem
health increased from 0.409 in 2000 to 0.451 in 2010 in Shanghai (Table 5). Jiang et al. [3] evaluated the
wetland ecosystem health of Dongting Lake (Hubei Province), and they discovered that the wetland
area shrunk by almost 1460 hm? from 1995 to 2000 as the wetlands were transformed into other land
use types. In this study, the wetland area in Hubei Province decreased from 9896.31 km? to 9100.26 km?,
a736.05 km? change in this land use type from 2000 to 2010.

The Amazon region has the highest deforestation rates on earth, and changes in land cover caused
by deforestation can lead to a series of hydrological impacts, among which is an increase in discharge.
However, although large areas have already been deforested in the Amazon River Basin, the balance
between deforestation and conservation is still positive from the perspective of ecological processes
and conservation [51]. On the scale of large watersheds, the area delimited by conservation areas
is more than three times larger than the deforested areas [51]. These conservation measures might
improve the status of wetland ecosystem health. Castello and Macedo [52] found that hydrological
alterations are rapidly degrading water ecosystems, causing, for example, biodiversity loss, change
in biogeochemical cycles, transport of organic and inorganic materials, and changes to freshwater
community structure and function. How deforestation and conservation impact the health of the
wetland ecosystem in the Amazon River Basin needs to be further studied.

Because the GlobeLand30 land cover data are for 2000 and 2010, we chose 2000 and 2010 as our
study years. However, there was an extreme drought in both the Yangtze River Basin [53] and Amazon
River Basin [54] in 2010, which may have resulted in an underestimation of wetland ecosystem health
in 2010. Meanwhile, limited by the data acquisition, we did not consider pesticide utilization, chemical
fertilization, or government investment in wetland protection in this study. To more reasonably reflect
the health status of the wetlands, future studies should add more indicators and choose normal climatic
years to evaluate wetland ecosystem health in the Yangtze and Amazon River Basins.

5. Conclusions

Based on the PSR model and AHP method, a wetland ecosystem health assessment model
was established in this paper. There were a total of 13 indicators in the model, and most of the
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indicators were extracted or derived from GlobeLand30 land cover maps. The model was then tested
in the Yangtze and Amazon River Basins to evaluate the wetland ecosystem health in 2000 and 2010.
The results showed that the model could reflect the status of wetland ecosystem health in both the
Yangtze and Amazon River Basins. There was a slight reduction in wetland ecosystem health in the
Yangtze River Basin, while wetland ecosystem health improved in Brazil’s Amazon River Basin from
2000 to 2010. In addition, because of its lower population density, less cropland and built-up land
coverage, higher annual rainfall, and better vegetation conditions, the status of wetland ecosystem
health in the Amazon River Basin was better than that in the Yangtze River Basin in both 2000 and 2010.
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