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Abstract: Wetlands are the most threatened ecosystem in China, and wetland conservation is a
national priority because of their importance for water security, flood mitigation, and biodiversity
conservation. A goal has been established for the Beijing-Tianjin-Hebei Region (BTH) to recover
340 km2 of wetlands by 2020. To guide restoration and protection efforts, policymakers need
information on the trends of wetland loss, conversion of wetlands, and their associated human
drivers. The main drivers of changes in different wetland types in the BTH were identified and
quantified from 2000 to 2015. In 2015, there was 6264.07 km2 less wetland area than in 2000, with
the remaining wetlands primarily located in Hebei and Tianjin. Reservoirs/ponds were the most
abundant wetland type, followed by herbaceous swamps, rivers, canals and channels, and then lakes
as the least represented. There were continuous losses of wetlands from 2000 to 2015, with marked
decreases for rivers (30.48%), channels/canals (23.30%), and herbaceous swamps (16.12%). However,
there was an increase in the area of lakes and reservoirs/ponds, with increases of 54.96% and 3.47%,
respectively. The largest changes in natural wetlands were due to agricultural production followed
by artificialization and grassland expansion. The driving forces of the observed changes were specific
to each local region. According to an aggregated boosted trees (ABT) analysis, gross farm production,
total aquatic products, and irrigated area were the top three drivers of the decrease in natural
wetlands, which agreed with the main patterns of change in the BTH. The purpose of this study
was to provide guidance for policy makers working to meet the 2020 BTH wetland recovery target.
Recommendations were provided at the provincial level, including water transfers across provincial
boundaries, the control of agricultural expansion, exploration of species-specific irrigation deficits,
a reduction in the artificialization of land surfaces, the development of a sustainable intensified
aquaculture model, and the promotion of awareness of wetland importance among local people.

Keywords: Wetlands conservation; land-use and land-cover (LULC); artificialization; agriculture
production; aquaculture production

1. Introduction

Wetlands are one of the most productive ecosystems on the planet, supporting millions of
people and providing important services, such as pollutant purification, flood control, and supporting
biodiversity [1]. Almost 50% of the global wetlands were lost during the 20th century [2]. Patterns of
wetland changes are the result of social, economic, technological, and policy issues [3,4], often acting
at different scales that can have profound impacts on the livelihood of people, biodiversity, and the
provisioning of ecosystem services. The wetland area in China decreased by 33% from 1978 to 2008.
The transformation of wetlands varied, with natural wetlands being transformed into no-wetland land
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use types before 1990 and into artificial wetlands after 1990 [5]. As a developing country, China relies
heavily on wetland ecosystems and the services they provide [6], while wetland degradation and loss
may deteriorate China’s ecosystem security. For example, the massive declines in lake area along the
Yangtze River in the late 1980s due to land reclamation has contributed to severe flooding, which has
led to the loss of thousands of human lives and property damage costing approximately $36 billion
USD [7]. The Chinese government is making substantial investments in wetland conservation [8].
Despite these government efforts, anthropogenic drivers continue to perpetuate wetland losses. There
is a pressing need for a deeper understanding of the human impact on wetland changes.

The majority of studies in this field have focused on the drivers of wetland changes [1,9–11]
and wetlands are often considered a land-cover class (e.g., non-urban land-use) [12]. Furthermore,
these studies have typically not evaluated the conversion of wetlands to other land-use types, and
the assessment of the drivers has been qualitative. To address this gap, Richards and Friess [13]
analyzed the drivers of deforestation on the conversion of mangroves to different land-use types across
Southeast Asia, and revealed the drivers of deforestation in a quantitative way. The only drawback
was that this study did not examine the conversion of other land-use types to mangroves to assess
the status of restoration efforts. Natural wetlands (e.g., rivers, lakes, and swamps) are superior to
artificial wetlands in providing ecosystem services and have a greater resilience when suffering from
stresses [14], which suggests that there is a need to primarily focus on the recovery of natural wetlands,
rather than considering all wetlands as a singular group.

The Beijing-Tianjin-Hebei region (BTH) is one of the most important economic and political
centers in China, accounting for 8.11% of the population and 10.12% of the Gross Domestic Product
(GDP) in 2015 [15]. Due to its large population, rapid development, and semi-arid environment [16],
the BTH faces serious water shortage problems [17]. In 2015, the per capita water availability in
the BTH was 124 m3 [18–20], which is far below the United Nations defined level of absolute water
security of 500 m3 per capita (World Water Assessment Program 2012 (WWAP)). Furthermore, the
BTH suffers from poor water quality across the region. In Beijing, 42% of the total length of rivers is
below Grade V (considered not suitable for any human uses), while the corresponding figure in Tianjin
is 73% [21]. The Urban Expansion Index for the BTH is 140.66, which was much higher than the other
two main urban agglomerations in China—the Yangtze River Delta (100.07) and Pearl River Delta
(77.70) [22]. Wetlands are vulnerable and sensitive to land-use and land-cover (LULC) changes [23] and
anthropogenic drivers, such as over-exploitation and sea-level rise due to global climate change [24,25].
The National Economic and Social Development plan for the BTH Region during the 13th five-year
plan period was the first to be published across provinces, which made it necessary to take wetlands in
the three provinces into consideration together.

Much of the work that has been conducted on this topic has been limited to isolated areas [26–29].
The purpose of this study was to analyze a large and heavily populated geographical area and
determine underlying causes for changes to its wetlands. The conversion between wetlands and other
land-use and land-cover (LULC) types was evaluated. The Forest and Natural Ecological Protection
and Restoration Plan in the BTH, published by State Forestry Bureau and Forestry Bureaus of the
three provinces, stressed that the area of wetland restoration and reversion from cultivated land
should be 340 km2 (510,000 mu) by 2020. Policymakers need information on the patterns of change of
different wetland types and the human drivers causing declines in wetland area to guide restoration
and protection efforts, and therefore meet the recovery goal for 2020.

In this study, the BTH was examined to analyze the wetland changes and the drivers of these
changes from 2000 to 2015 using a remote sensing and geographic information system (GIS) methodology
coupled with field data. The objectives of this study were to: (1) analyze the distribution of wetlands,
considering the different wetland types in the BTH; (2) quantify changes in the wetland area in the
BTH; and (3) identify the spatial and temporal variation of wetlands, and the drivers of change to
advise policymakers on future conservation efforts.
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2. Materials and Methods

2.1. Study Area

The BTH has an elevation ranging from −46 to 2823 m and extends over an area of 216,020 km2

at respective latitudes and longitudes of 36◦01′ N to 42◦37′ N and 113◦04′ E to 119◦53′ E (Figure 1).
The BTH is located in the northern portion of the North China Plain and forms part of the Bohai Rim,
which is in the transition zone from the Taihang Mountains in the west to the Yanshan Mountains
in the north and southeast. The BTH has a high population density of 516 people per km2. It is
characterized by a sub-humid continental monsoonal climate, with a mean annual precipitation of
543.33 mm. The BTH contains important wetlands, such as Baiyangdian Lake (319 km2), Yongding
River (47,016 km2), Changli Golden Coast Nature Reserve (336 km2), and North Dagang Wetland
Nature Reserve (442 km2). Wetlands only account for 2.90% of the total land area in BTH; however,
they play a critical role in maintaining biodiversity and sustaining the production of ecosystem services
that are critical for human well-being.
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Figure 1. Location of the study site known as the Beijing-Tianjin-Hebei region (BTH).

2.2. Wetland Data

Maps of LULC and other relevant data for the BTH were examined for the years of 2000 and 2015.
We obtained the necessary LULC data from an official database titled “China’s National Ecosystem
Assessment and Ecological Safety” [30], which is overseen by the Research Center for Eco-Environmental
Sciences, Chinese Academy of Sciences. The database was compiled using object-oriented classification
technology based on remote sensing data from Landsat Thematic Mapper/Enhanced Thematic Mapper
(TM/ETM) and Chinese Environmental Disaster Alleviation Satellites(HJ-1) at 30 m resolution [31]. The
LULC was divided into eight land classes (forests, bush woods, grasslands, wetlands, deserts, croplands,
built-up lands, and others). Wetlands were further divided into three natural subclasses (herbaceous
swamps, rivers, and lakes) and two artificial subclasses (reservoirs/ponds and channels/canals). The
LULC data in BTH was verified using 4405 field data points, with an overall accuracy of 92.47% for the
land classes and 87.18% for the wetland subclasses.
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2.3. LULC Analysis by Geographic Information System (GIS)

This analysis was built on two high quality LULC datasets for 2000 and 2015. Wetland distribution
maps were cross-referenced with LULC maps and the distribution of wetland changes was mapped by
pixel using the ArcGIS software. The distribution and conversion of wetlands was specific for each
province and geographic region.

2.4. Driving Forces of the Decrease in Natural Wetlands

The forces driving the decrease in natural wetlands can be divided into two groups: factors
related to human activities and natural factors. We selected annual precipitation and slope as the
primary natural variables. In addition, factors such as gross domestic product (GDP), primary industry,
secondary industry, tertiary industry, total population, rural population, urban population, irrigated
area, total aquatic products, grain yield, and gross farm production were chosen to explore the
effects of socioeconomic development on the decrease of natural wetlands. Aggregated boosted trees
(ABT) analysis was carried out using the gbm package with 10,000 trees for the boosting, and 10-fold
cross-validation. This model is a machine learning method based on a decision tree, which aims
to achieve accurate prediction and explanation [32]. Compared to the traditional methods of linear
correlation and multiple linear regression, our model was better at dealing with nonlinearities and
interactions, and more importantly, at quantitatively evaluating the relative influence of socioeconomic
development and climate factors on natural wetlands decrease (n.trees = 10,000 and cv.folds = 10).
Furthermore, we conducted other qualitative analyses on the decrease of natural wetlands, which are
detailed in the discussion section. In this manner, we identified and quantified the effects of human
activity and natural changes on the decrease of wetlands.

3. Results

3.1. Changes in Wetland Area and Distribution

The main type of wetland in the BTH was artificial wetlands, especially reservoirs/ponds, which
were mainly located in the Bohai Rim in Hebei and Tianjin provinces (Figure 2). The total area of each
wetland subclass was compared between the years 2000 and 2015 (Table 1). Over this period, the
wetland area decreased by 5.88% from 6655.49 to 6264.07 km2. However, there were unique changes
among the wetland types. The area of lakes and reservoirs/ponds increased by 54.96% and 3.47%,
respectively, while the area of herbaceous swamps, rivers, and canals/channels decreased by 16.12%,
30.48%, and 23.30%, respectively. In total, the natural wetland area decreased by 22.89% and the
artificial wetland area increased by 2.05%.

Table 1. Wetland area in the Beijing-Tianjin-Hebei Region (BTH) from 2000 to 2015.

Wetland Types
2000 2015 Changes from 2000 to 2015

Area/km2 Percent/% Area/km2 Percent/% Area */km2 Percent/%

Herbaceous 985.54 14.81 826.67 13.20 −158.87 * −16.12
Lake 22.72 0.34 35.20 0.56 12.48 54.96

Reservoir/pond 4298.07 64.58 4447.09 70.99 149.01 3.47
Rivers 1109.40 16.67 771.22 12.31 −338.18 * −30.48

Canal/Channel 239.75 3.60 183.90 2.94 −55.85 * −23.30
Total 6655.49 100.00 6264.07 100.00 −391.42 * −5.88

Note: * minus signal (−) means wetland area decreased from 2000 to 2015.
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Figure 2. Wetland distribution in the Beijing-Tianjin-Hebei region (BTH) in 2015.

Wetland distributions and trends for each province were determined. Similar wetland distributions
and trends were found for Beijing, Tianjin, and Hebei. The dominant wetland type in all three provinces
was reservoirs/ponds, followed by herbaceous swamps and rivers. The area of lakes and canals/channels
was proportionally small, accounting for less than 5% of the total wetland area. The wetland area,
including natural wetlands, in the three provinces decreased from 2000 to 2015. In Beijing, the area of
herbaceous swamps increased, while the area of all other of wetland types decreased. In Hebei, the
natural wetland area decreased by 24.99%, although the lake area increased by 12.99 km2. The area of
reservoirs/ponds increased by 364.96 km2, while the area of canals/channels decreased by 46.71 km2.
In Tianjin, the natural and artificial wetland areas decreased by 17.53% and 5.95%, respectively, and the
only type of wetland to increase was rivers.

To determine how the wetland distribution and trends varied geographically, the BTH was
subdivided into coastal areas, plains, and mountainous areas. The aim was to compare whether
geographical variations of wetlands mirrored administrative variations of wetlands and to address any
mismatches between environmental boundaries and social boundaries. Coastal areas were defined
as regions having a coastline and extended up to 10 km inland. The designations for plains and
mountainous areas were assigned according to altitude. Coastal regions were excluded from this
assignment. Regions with altitudes less than 500 m were defined as plains and regions with altitudes
greater than 500 m were defined as mountainous areas. Wetlands were mainly distributed in the plains
(59.20%), followed by coastal areas (33.49%) and mountainous areas (7.32%). Reservoirs and /ponds
were the dominant wetland type in coastal areas (96.32%) and plains (60.55%) in 2015, and herbaceous
swamps and reservoirs/ponds were main ones in mountainous areas (Figure 3). The natural wetland
area in the three areas experienced a continuous decline, while the artificial wetland area increased in
coastal and mountainous areas. In terms of specific wetland types, the area of herbaceous swamps
and reservoirs/ponds decreased in all three areas, while the area of lakes decreased in plains and
increased in mountainous areas. The area of rivers and canals/channels increased in coastal areas, but
decreased elsewhere.
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Figure 3. Comparison of total wetland area for each wetland subclass in 2010 and 2015 for Beijing,
Hebei, Tianjin, coastal areas, plains, and mountainous areas. Note: H = herbaceous swamps; L = lakes;
R/P = reservoirs/ponds; R = rivers, C = canals/channels.

3.2. Wetland Changes

Wetland transformations were characterized in three ways from 2000 to 2015: wetlands-in (other
land-use types converted into wetlands), wetlands-out (wetlands converted into other land-use types),
and wetlands-internal (conversion between wetlands).

The total area of wetlands-in was 1208.56 km2, with coastal areas, plains, and mountainous areas
accounting for 39.15%, 53.98%, and 6.88%, respectively (Figure 4). In coastal areas, 462.77k m2 of
other land use types were converted into reservoirs/ponds, with reclamation (ocean converted into
reservoirs/ponds) accounting for 63.20%. There was only 9.87 km2 of other land use types that were
changed into natural wetlands. In plains, there were 473.58 and 178.74 km2 of other land use types
(mainly cropland) converted to artificial and natural wetlands, respectively. In mountainous areas,
the area of other land types transformed to natural and artificial wetlands was almost the same in
percentage terms. Croplands, grasslands, and forests were the main land use types converted to
wetlands. There was a relatively similar pattern of wetlands-in conversion in all three provinces.
Croplands was the main land use type converted into wetlands in all provinces, and was mainly
transformed into reservoirs/ponds. Beijing only accounted for 4.03% of wetlands-in area, with the main
transformation being from croplands to reservoirs/ponds and herbaceous swamps, which accounted
for 33.10% and 20.78%, respectively. Hebei accounted for most of the region’s wetlands-in conversion.
The most important end-point of the transformation was reservoirs/ponds (667.05 km2), followed
by rivers (108.19 km2) and herbaceous swamps (76.57 km2). After cropland (415.00 km2), the ocean
(191.08 km2) was the next most important source of land for conversion. In Tianjin, the transformation
to reservoirs/ponds accounted for 93.97% of the area of wetlands-in conversion and the transformation
to reservoirs/ponds occurred mainly from croplands (114.27 km2) and the ocean (101.40 km2).
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Figure 4. Modes of spatial wetland transformation. Note: C = coastal areas; P = plains; M = mountainous
areas; 1 = wetlands-in (other land-use types converted into wetlands); 2 = wetlands-out (wetlands
converted into other land-use types); and 3 = wetlands-internal (conversion between wetlands).

The total area of wetlands-out was 1,599.12 km2
, with coastal areas, plains, and mountainous areas

accounting for 21.99%, 68.20%, and 9.81%, respectively. In coastal areas, 344.35 km2 of reservoirs/ponds
were converted to other land uses (Figure 4). In plains, there were 493.75 and 84.66 km2 of wetlands
converted into croplands and built-up lands, which accounted for 45.27% and 26.10% of the total
wetlands-out conversion, respectively. The main transformations were reservoirs/ponds to croplands
and built-up lands at 227.76 and 236.99 km2, respectively. A total of 359.33 km2 of rivers were changed
to other land uses, mainly cropland (176.93 km2) and grassland (117.18 km2). In mountainous areas,
74.90 km2 of wetlands were converted to cropland, while 58.20 km2 were converted to grassland. The
main source was rivers, which accounted for 57.09% of the wetlands-out converted area. In Beijing,
there were no clear trends in the transformations. Conversion into grassland and cropland were the
two main transformations (accounting for 62.74 and 56.27 km2 of the area converted, respectively).
The transformation was mainly from reservoirs/ponds (136.50 km2) and rivers (59.52 km2). In Hebei,
422.64 km2 of wetland was converted to cropland, which was followed by grassland (217.27 km2) and
built-up land (185.84 km2). Rivers (390.03 km2) and reservoirs/ponds (375.08 km2) were the dominant
land use types that were converted. In Tianjin, the largest transformation was from reservoirs/ponds to
built-up land, which accounted for 47.19% of the total area converted. Another important end-point of
these conversions was cropland, which experienced an expansion of 110.57 km2.

The total area of wetland-internal was 371.78 km2, which mainly occurred in the plains (89.36%),
followed by coastal areas (5.81%) and mountainous areas (4.83%). More than half of the transformation
was accounted for by natural wetlands converting to artificial wetlands in three geographical areas. The
transformation from herbaceous swamps to reservoirs/ponds was the dominant change, accounting
for an area of 9.40, 192.34, and 9.65 km2 for coastal areas, plains, and mountainous areas, respectively.
Transformations from reservoirs/ponds or rivers were considerable, especially in the plains (Figure 4).
In all provinces, herbaceous swamps and reservoirs/ponds were the two active wetland types that
were most commonly changed, while rivers were also commonly changed in Beijing and Heibei. In
Beijing, 23.45 km2 of artificial wetlands was changed to natural wetlands. The transformation from
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reservoirs/ponds to herbaceous swamps occurred over an area of 22.07 km2. In Hebei and Tianjin,
the transformation from natural wetlands to artificial wetlands was the dominant change. The main
transformation was from herbaceous swamps to reservoirs/ponds (Figure 5).
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3.3. Natural Wetlands Patterns of Change from 2000 to 2015

There is a considerable amount of published literature that documents the superior ecosystem
services that natural wetlands provide over artificial wetlands. In light of this, changes in different types
of natural wetland were used to quantify the key proximate drivers of change. Six main change patterns
were identified as the causes of the decrease in natural wetlands: urbanization (wetlands converted
into built-up lands), agriculture (wetlands converted into cropland), artificialization (natural wetlands
converted into artificial wetlands), internal conversion between natural wetlands, and grassland
expansion (wetlands converted into grassland), with minor drivers lumped into an “others” category.

In BTH, the main changes were agriculture, artificialization, and grassland expansion, which
accounted for 33.16%, 29.06%, and 22.46% of the converted area, respectively. Artificialization was
the dominant factor for the decrease in the area of herbaceous swamps and lakes. Agriculture and
grassland expansion were the dominant drivers for the decrease in the area of rivers (Tables 2 and 3).
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Table 2. Contribution of different driving forces calculated as the percentage change between 2000 and
2015 in in different geographic areas in Beijing-Tianjin-Hebei region (BTH).

Changing Patterns /%

Landforms Wetland
Type Urbanization Agriculture Artificialize Internal

Conversion
Grassland
Expansion Other

Coastal
area

Herbaceous
swamp 3.48 3.06 82.44 7.13 0.22 3.67

Lakes - - - - - -
Rivers 12.84 25.66 44.24 3.61 9.34 4.31
Total 8.00 13.99 63.97 5.43 4.63 3.98

Plain

Herbaceous
swamp 3.72 13.00 66.51 5.57 8.98 2.22

Lakes 0.31 7.98 79.58 0.16 0.20 11.76
Rivers 5.57 45.44 6.47 1.27 30.10 11.15
Total 4.78 31.56 32.16 3.10 21.05 7.35

Mountainous
area

Herbaceous
swamp 1.43 46.12 21.92 2.13 16.11 12.30

Lakes 15.35 5.20 0.00 6.92 27.83 44.70
Rivers 5.70 43.52 0.99 0.44 40.41 8.95
Total 4.33 44.27 7.81 1.00 32.46 10.12

In Total

Herbaceous
swamp 3.42 16.89 61.35 5.19 9.60 3.56

Lakes 4.13 7.23 58.88 1.88 7.23 20.65
Rivers 5.75 44.66 6.28 1.16 31.55 10.59
Total 4.79 33.16 29.06 2.82 22.46 7.70

Table 3. Contribution of different driving forces calculated as the percentage change between 2000 and
2015 in different provinces in Beijing-Tianjin-Hebei region (BTH).

Changing Patterns/%

Province Wetland
Type Urbanization Agriculture Artificialize Internal

Conversion
Grassland
Expansion Other

Beijing

Herbaceous
swamp 13.25 8.62 20.41 3.15 43.95 10.61

Lakes 0.31 7.98 79.58 0.16 0.20 11.76
Rivers 5.92 10.51 7.06 1.43 55.60 19.48
Total 7.35 10.10 10.59 1.77 52.61 17.58

Hebei

Herbaceous
swamp 3.16 24.95 53.22 2.20 12.37 4.10

Lakes 15.00 5.09 0.00 6.77 27.20 45.94
Rivers 5.45 50.65 5.52 0.71 28.38 9.29
Total 4.78 43.01 19.65 1.16 23.63 7.77

Tianjin

Herbaceous
swamp 2.62 8.59 75.17 8.83 2.63 2.15

Lakes - - - - - -
Rivers 17.28 17.75 32.71 18.15 7.36 6.75
Total 3.53 9.15 72.55 9.41 2.92 2.44

In Total

Herbaceous
swamp 3.42 16.89 61.35 5.19 9.60 3.56

Lakes 4.13 7.23 58.88 1.88 7.23 20.65
Rivers 5.75 44.66 6.28 1.16 31.55 10.59
Total 4.79 33.16 29.06 2.82 22.46 7.70

The driving forces varied with the location and wetland type. In coastal areas, the natural wetland
area decreased by 351.65 km2, with the contribution of the different driving forces being, from largest
to smallest, artificialization, agriculture, urbanization, internal conversion, grassland expansion, and
others. Decreases in the area of herbaceous swamps and rivers were due to the same dominant factor
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of artificialization, but the second most important factor was different, being internal conversation
for herbaceous swamps and agriculture for rivers. In plains, the area of natural wetlands decreased
by 1090.57 km2 and the ranking of the driving forces, from largest to smallest, was artificialization,
agriculture, grassland expansion, others, urbanization, and internal conversion. For all three wetland
types artificialization was the dominant factor in their decrease, but for rivers, agriculture and then
grassland expansion were also important factors. In mountainous areas, the natural wetland area
decreased by 156.90 km2 and the ranking of the driving forces, from largest to smallest, was agriculture,
grassland expansion, others, artificialization, urbanization, and internal conversion. For herbaceous
swamps, agriculture was the dominant factor in their decrease, followed by artificialization. For lakes,
others was the dominant factor, followed by grassland expansion and agriculture, while grassland
expansion was the main driver of the decrease in area of rivers (Table 2).

In Beijing, the natural wetland area decreased by 210.96 km2, with the contribution of
different driving forces being, from largest to smallest, grassland expansion, others, artificialization,
agriculture, urbanization, and internal conversion. For herbaceous swamps, grassland expansion
and artificialization were two main factors in order, while for lakes artificialization was the dominant
factor and grassland expansion was the most important factor for rivers. In Hebei, the natural
wetland area decreased by 908.12 km2, with the contribution of different driving forces being, from
largest to smallest, agriculture, grassland expansion, artificialization, others, urbanization, and internal
conversion. The three different wetland types had different dominant factors, artificialization, others,
and agriculture for the decrease in area of herbaceous swamps, lakes, and rivers, respectively. In
Tianjin, the natural wetlands decreased by 480.20 km2, with the contribution of different driving
forces being, from largest to smallest, artificialization, internal conversion, agriculture, urbanization,
grassland expansion, and others. The dominant factor in the decrease in area of herbaceous swamps
and rivers was artificialization, but internal conversation, agriculture, and urbanization played almost
the same roles after artificialization in the decrease in area of rivers (Table 3).

3.4. Drivers of the Decrease in Natural Wetland Area
Drivers of natural wetlands decrease were analyzed in a statistic way. Across the BTH, the

ABT analysis and pattern of wetlands change were in broad agreement (Figure 6). According to the
ABT analysis, gross farm production had the largest relative influence (25.99%) on natural wetland
area, while irrigated area (12.37%) took the third order, which agreed with the pattern of change in
agriculture. Total aquatic products (19.03%), which took the second order, had strong connections
with artificialization. The first three independent variables were strongly connected to livelihood in
BTH and their relative influence was 57.39% in total. In addition, annual precipitation (8.88%) played
relatively important roles in wetland area. The relative influence of the other nine variables was less
than 6% each, and the sum of their influences was 33.73%.

Int. J. Environ. Res. Public Health 2019, 16, x 10 of 16 

 

Rivers 5.92  10.51  7.06  1.43  55.60  19.48  

Total 7.35  10.10  10.59  1.77  52.61  17.58  

Hebei 

Herbaceo

us swamp 
3.16  24.95  53.22  2.20  12.37  4.10  

Lakes 15.00  5.09  0.00  6.77  27.20  45.94  

Rivers 5.45  50.65  5.52  0.71  28.38  9.29  

Total 4.78  43.01  19.65  1.16  23.63  7.77  

Tianjin 

Herbaceo

us swamp 
2.62  8.59  75.17  8.83  2.63  2.15  

Lakes - - - - - - 

Rivers 17.28  17.75  32.71  18.15  7.36  6.75  

Total 3.53  9.15  72.55  9.41  2.92  2.44  

In Total 

Herbaceo

us swamp 
3.42  16.89  61.35  5.19  9.60  3.56  

Lakes 4.13  7.23  58.88  1.88  7.23  20.65  

Rivers 5.75  44.66  6.28  1.16  31.55  10.59  

Total 4.79  33.16  29.06  2.82  22.46  7.70  

3.4. Drivers of the Decrease in Natural Wetland Area 

Drivers of natural wetlands decrease were analyzed in a statistic way. Across the BTH, the ABT 

analysis and pattern of wetlands change were in broad agreement (Figure 6). According to the ABT 

analysis, gross farm production had the largest relative influence (25.99%) on natural wetland area, 

while irrigated area (12.37%) took the third order, which agreed with the pattern of change in 

agriculture. Total aquatic products (19.03%), which took the second order, had strong connections 

with artificialization. The first three independent variables were strongly connected to livelihood in 

BTH and their relative influence was 57.39% in total. In addition, annual precipitation (8.88%) 

played relatively important roles in wetland area. The relative influence of the other nine variables 

was less than 6% each, and the sum of their influences was 33.73%.  

 

Figure 6. Relative influence of socioeconomic and natural factors on the decrease of natural wetland 

area. 

4. Discussion 

Given the widely recognized negative impacts of humans on wetlands, identification of the 

patterns of wetlands changes in a quantitative manner could substantially aid evidence-based policy 

making. The utility of this method has been confirmed by research conducted in mangrove forests in 

Southeast Asia [13]. The data used in the present study was objective and enabled a general insight 

into the transformation of wetlands and related human activities. The changes in the area of 

different wetlands from 2000 to 2015 were analyzed in different provinces and geographic areas, and 

patterns of change were presented in a clear way. Several implementable and effective actions could 

be recommended to protect natural wetlands. 

Figure 6. Relative influence of socioeconomic and natural factors on the decrease of natural wetland area.



Int. J. Environ. Res. Public Health 2019, 16, 2619 11 of 16

4. Discussion

Given the widely recognized negative impacts of humans on wetlands, identification of the
patterns of wetlands changes in a quantitative manner could substantially aid evidence-based policy
making. The utility of this method has been confirmed by research conducted in mangrove forests
in Southeast Asia [13]. The data used in the present study was objective and enabled a general
insight into the transformation of wetlands and related human activities. The changes in the area of
different wetlands from 2000 to 2015 were analyzed in different provinces and geographic areas, and
patterns of change were presented in a clear way. Several implementable and effective actions could be
recommended to protect natural wetlands.

4.1. Main Wetland Changes in Different Areas
For the whole BTH, there was 6264.07 km2 of wetlands in 2015, with 73.93% of this total being

artificial wetlands. Wetlands distributed in different provinces or geographic areas showed different
patterns. Most of the wetlands were located in Hebei and Tianjin provinces because of the large area of
Hebei and the coastal location around the Bohai Rim [33]. Over the study period, natural wetland
area decreased and artificial wetlands increased. The loss of natural wetlands would result in a loss of
ecosystem services [34,35], such as groundwater recharge, flood control, recycling of organic waste,
and wildlife habitats. Reservoirs/ponds was the dominant artificial wetland type and was mainly used
by aquaculture, which will have serious negative consequences (e.g., water pollution and biodiversity
loss) [36]. There is a need to consider the changing patterns of the various types of wetland and it is not
sufficient to only consider the degeneration of wetlands through a reduction in area. Our study found
that different wetland types in different areas changed accordingly. In general, land uses where there is
a large level of involvement from human beings experience many changes. In Beijing, the dominant
transformation was from artificial wetlands to natural wetlands, while the transformation tended to be
the other way around in the other two provinces. The artificialization of wetlands was crucial in all
three geographical areas.

4.2. The Drivers of Changes in Wetland Area
LULC changes: agriculture, artificialization, and grassland expansion were three dominant factors

in the change of wetland area and all are closely linked to socioeconomic development in the BTH. The
main drivers changed according to wetland types and locations. This phenomenon was closely related
to the geographical location [37] and agreed with the main drivers of changes in wetland areas in other
countries [4,13,23,38]. In BTH, the coastal areas were located around the Bohai Rim, which contains the
most important port in the northern part of China. The plains in this research were part of the North
China Plain, which is the major grain-producing area of China and is a location where many people
make their living through agriculture [39]. Because of their productivity and ability to hold water,
wetlands have become a priority in agricultural expansion. The global demand for animal protein
is growing as the human population increases and diets transform in response to rising income and
urbanization [40]. To satisfy this need, there has been an inevitable extension of food-related careers,
especially aquaculture. The growth of the BTH is inhibited by the Taihang Mountains in the west and
Yanshan mountains in the north. Grassland expansion has mainly occurred in Beijing, and is connected
with water shortages. Unexpectedly, although urbanization is generally the most important factor in
ecosystem decline [41], it did not directly impact on the decrease in the natural wetland area. This was
because urbanization often occurs in a sequential conversion from natural to artificial wetlands and
from artificial wetlands to built-up area.

High density human activity: there were five types of high-density human activities that had
impacts in this study. First, the population in the BTH continually increased from 2000 to 2015, and
therefore more resources, especially land, water, and food, were required to meet the needs of society.
The water supply per person decreased from 304.54 m3 in 2000 to 225.32 m3 in 2015 (Figure 7a). Second,
the big area of cultivated and irrigated land has led to an overexploitation of the local water resources
(Figure 7b). Third, there has been a worsening trend of water pollution, with the percentage of the river
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area in the BTH having above Grade V water quality decreasing from 51.55% to 34.58% (Figure 7c). An
increase in the area of cropland will increase the application of pesticides and fertilizers (Figure 7c),
which will definitely accelerate non-point source pollution. Fourth, a large amount of reservoirs and
dikes affect the hydrological environment and the connection between natural wetlands and the plains
surrounding them. (Figure 7d). The rapid proliferation of such structures has caused the wide spread
conversion and fragmentation of wetland habitats and a diminution of ecological flows [42,43]. Fifth,
groundwater recession was a serious problem in all three provinces because of the over exploration
(Figure 7e–f).Int. J. Environ. Res. Public Health 2019, 16, x 12 of 16 
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2000 to 2015. (a): population and water supply in BTH, (b):cultivated and irrigated area in BTH, (c):
fertilizers and the percentage of river above grade V in BTH, (d): length of dikes and total reservoir
capacity in BTH, (e): underground water level in Beijing and Hebei, (f): change of shallow groundwater
in Tianjin, (g): annual precipitatiopn and temperature in BTH, (h): water conservation ability in Beijing,
Tianjin and Hebei.
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Effects of natural factors: previous studies have shown that precipitation and temperature
determine wetland plant physiology [44], and changes in these parameters, especially temperature [45],
would result in changes in wetland hydrology [46]. Figure 7g shows that the annual precipitation and
temperature have slowly increased in the study area. The magnitude and direction of the hydrologic
response would depend on whether climate change increased or decreased the water deficit and if the
reaction due to climate change was aridity-specific [47]. Rising temperature will induce an increase
in water temperature and there would be less dissolved oxygen, which could affect a number of
animals [48]. Additionally, coastal wetlands are more sensitive to climate change [42]. The ability to
conserve water, which can reflect the ability of ecosystems to contain water and can be calculated by
an inflow minus outflow, displayed an obvious decreasing trend (Figure 7h). This may be connected to
the extent of impervious surface area.

Effects of policies on wetlands: throughout our study period, the local governments established
several policies related to wetlands. Legislation is a necessary way to protect wetlands, with the Beijing
Wetland Protection Regulations, implemented in 2013, being a good example. Development plans
established by governments have a huge influence on LULC changes [36]. Binhai New Area in Tianjin
was designated to be a principle development area in the Urban Master Plan of Tianjin (2005–2020). The
Beijing Wetland Protection Project Plan from 2000 to 2010 was established to protect wetlands in Beijing,
while the Capital Water Resources Sustainable Utilization Plan in the Early 21st Century from 2001 to
2005 and the Grain to Green project in Hebei were important strategies devised to guarantee water
supply to Beijing. Wetland recovery was an important aspect of the Red line plan of ecological land
protection in Tianjin and was published in 2014. Water regulations, such as the south-to-north water
transfer project, reclaimed water project, and sewage treatment and water pricing adjustments, also
had impacts on wetlands. These actions can have a profound direct or indirect influence on wetlands.

4.3. Evidence-Based Policy Advice

The BTH has established a goal of accomplishing 340 km2 of wetlands recovery by 2020. A focus
on natural wetland recovery and protection is recommended because of the primary role it plays
in providing ecosystem services. Additionally, policies should be made according to the drivers in
specific locations. The results presented here indicate that using one single wetland conservation
policy throughout a region would be inadequate. A smart policy for wetland conservation requires
these differences to be acknowledged throughout the territory and should propose different actions for
different locations.

This study recommended that provinces act as basic administrative units to offer advice according
to specific drivers. For Beijing, grassland expansion was the dominant driver and this factor has a
strong relationship with water shortages. This problem could be best solved in two ways. Within
Beijing, policies to improve the utilization of water resources and restrict groundwater exploitation
should be implemented, and the use of rainfall and wastewater should also be improved. Outside
Beijing, the government should take effective actions to guarantee the inflow of water, using the grain
to green and south-to-north water transfer projects as examples. For Hebei, agricultural production
was the dominant driver, and therefore adjustment of the agricultural structure and the realization of
agro-technology should be prioritized to limit the expansion of cropland. Grassland expansion also
requires attention, while improvements in water-saving irrigation technology, water price regulation,
and pollution treatment should also be taken into consideration. For Tianjin, applications to build
reservoirs/ponds and land reclamation should be carefully and critically scrutinized. At the same time,
the government should develop the sustainable intensification of aquaculture to realize production by
using fewer inputs. In particular, there is an urgent need to develop a sustainable intense aquaculture
model. For example, shrimp farming is a more water-demanding system than pangasius farming [40].
Under the water stressed conditions in the BTH, the government should, therefore, encourage pangasius
farming rather than shrimp farming. Even in the same province, different levels of protection should be
given to different geographic areas, especially the coastal areas in Heibei and Tianjin. Deficit irrigation
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deserves more attention for a range of different crops and different environments to make full use
of water resources [49], especially after the Chinese Government’s proposed production increase of
50 billion kg of grain between 2015 and 2020. It is also imperative to provide awareness about wetland
losses to the local people through educational programs in all three provinces. It is important to be
aware that wetlands have many times greater potential to improve economic turnover than agricultural
or aquacultural land [50].

4.4. Future Research

In this study, patterns of change were analyzed based on the ways in which wetland areas were
converted to other land uses. President Xi launched a mission to overcome poverty by 2020 in the
fifth plenary meeting of the 18th Central Committee in 2015. Agriculture and aquaculture, as primary
livelihoods, are likely to increase in activity, which will place more pressure on wetlands. Master plans
for these three provinces will focus on the development of the northwest and coastal areas [51–53].
Many changes can be expected in wetlands in the mountainous and coastal areas over the next few
decades. Biodiversity and ecosystem functions are likely to show nonlinear responses to increasing
land use intensification, and management alternatives with limited ecological losses that still satisfy
economic gains might exist [54,55]. Under these political circumstances, future studies will examine
the relationships between income, biodiversity, and ecosystem services during wetland conversation.

Author Contributions: Conceptualization, L.Z.; methodology, Q.Z.; resources, M.C.; supervision, Z.O.;
writing—review and editing, L.Z.

Funding: This research was funded by National Natural Science Foundation of China Key Program: Coupling
mechanism and regulating approaches on human and natural interactions in urban complex ecosystems, grant
number 71533005.

Acknowledgments: We are grateful to Department of Water Resources of Hebei Province, Department of Water
Resources of Tianjin, and Department of Water Resources of Beijing for providing hydrological data.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Yuan, H.; Zhang, R. Changes in wetland landscape patterns on Yinchuan Plain, China. Int. J. Sustain. Dev.
World Ecol. 2010, 17, 236–243. [CrossRef]

2. Zedler, J.B.; Kercher, S. Wetland Resources: Status, Trends, Ecosystem Services, and Restorability. Environ.
Resour. 2005, 15, 39–74. [CrossRef]

3. Fan, Q.; Du, T.; Yang, J.; Xi, J.; Li, X.; Chen, P. Landscape Pattern Changes for Nansihu Wetland from 1982 to
2012. Resour. Sci. 2014, 36, 865–873.

4. Tao, S.; Fang, J.; Zhao, X.; Zhao, S.; Shen, H.; Hu, H.; Tang, Z.; Wang, Z.; Guo, Q. Rapid loss of lakes on the
Mongolian Plateau. Proc. Natl. Acad. Sci. USA 2015, 112, 2281–2286. [CrossRef] [PubMed]

5. Niu, Z.; Zhang, H.; Wang, X.; Yao, W.; Zhou, D.; Zhao, K.; Zhao, H.; Li, N.; Huang, H.; Li, C.; et al. Mapping
Wetland Changes between 1978 and 2008. Chin. Sci. Bull. 2012, 57, 2813–2823. [CrossRef]

6. Chinese Academy of Sciences (CAS). China Sustainable Development Strategy Report 2007-Water: Governance
and Innovation; Science Press: Beijing, China, 2007.

7. Ye, Q.; Glantz, M.H. The 1998 Yangtze Floods: The Use of Short-Term Forecasts in the Context of Seasonal to
Interannual Water Resource Management. Mitig. Adapt. Strateg. Glob. Chang. 2005, 10, 159–182. [CrossRef]

8. Jiang, B.; Wong, C.P.; Chen, Y.; Cui, L.; Ouyang, Z. Advancing Wetland Policies Using Ecosystem
Services–China’s Way Out. Wetlands 2015, 35, 983–995. [CrossRef]

9. Fujihara, M.; Kikuchi, T. Changes in the landscape structure of the Nagara River Basin, central Japan. Landsc.
Urban Plan. 2005, 70, 271–281. [CrossRef]

10. Janssen, R.; Goosen, H.; Verhoeven, M.L.; Verhoeven, J.T.A.; Omtzigt, A.Q.A.; Maltby, E. Decision support
for integrated wetland management. Environ. Model. Softw. 2005, 20, 215–229. [CrossRef]

11. Sica, Y.V.; Quintana, R.D.; Radeloff, V.C.; Gavier-Pizarro, G.I. Wetland loss due to land use change in the
Lower Paraná River Delta, Argentina. Sci. Total Environ. 2016, 568, 967–978. [CrossRef]

http://dx.doi.org/10.1080/13504501003729614
http://dx.doi.org/10.1146/annurev.energy.30.050504.144248
http://dx.doi.org/10.1073/pnas.1411748112
http://www.ncbi.nlm.nih.gov/pubmed/25646423
http://dx.doi.org/10.1007/s11434-012-5093-3
http://dx.doi.org/10.1007/s11027-005-7838-7
http://dx.doi.org/10.1007/s13157-015-0687-6
http://dx.doi.org/10.1016/j.landurbplan.2003.10.027
http://dx.doi.org/10.1016/j.envsoft.2003.12.020
http://dx.doi.org/10.1016/j.scitotenv.2016.04.200


Int. J. Environ. Res. Public Health 2019, 16, 2619 15 of 16

12. Patino, J.E.; Estupinan-Suarez, L.M. Hotspots of Wetland Area Loss in Colombia. Wetlands 2016. [CrossRef]
13. Richards, D.R.; Friess, D.A. Rates and drivers of mangrove deforestation in Southeast Asia, 2000–2012. Proc.

Natl. Acad. Sci. USA 2016, 113, 344–349. [CrossRef] [PubMed]
14. Barbier, E.B.; Georgiou, I.Y.; Enchelmeyer, B.; Reed, D.J. The value of wetlands in protecting southeast

louisiana from hurricane storm surges. PLoS ONE 2013, 8, e58715. [CrossRef] [PubMed]
15. National Bureau of Statistics of China. China Statistical Yearbook 2016; China Statistics Press: Beijing, China,

2016; ISBN 978-750-059-419-2.
16. Jiang, D.; Zhuang, D.; Xu, X.; Lei, Y. Integrated Evaluation of Urban Development Suitability Based on

Remote Sensing and GIS Techniques: A Case Study in Jingjinji Area, China. Sensors 2008, 8, 5975–5986.
17. Gao, Y.; Feng, Z.; Li, Y.; Li, S. Freshwater ecosystem service footprint model: A model to evaluate regional

freshwater sustainable development—A case study in Beijing–Tianjin–Hebei, China. Ecol. Indic. 2014, 39,
1–9. [CrossRef]

18. Beijing Water Authority. Beijing Water Resource Bulletin. Available online: http://swj.beijing.gov.cn/eportal/
fileDir/bjwater/resource/cms/2017/11/2017112016524372510.pdf (accessed on 20 November 2017).

19. Tianjin Water Authority. Tianjin Water Resource Bulletin. Available online: http://swj.tj.gov.cn/swj/zwgk/

gkml/zcwj/gztb/201902/t20190228_13561.html (accessed on 28 February 2019).
20. Department of Water Resources of Hebei Province. Hebei Water Resource Bulletin. Available online:

http://slt.hebei.gov.cn/a/2018/03/02/2018030221905.html (accessed on 2 March 2018).
21. Wang, Y.; Li, W.; Wang, Y.; Fu, J. Integrate actions for water resources protection in Beijing-Tianjin-Hebei

Region. China Water Resour. 2015, 6, 1–4.
22. Haas, J.; Ban, Y. Urban growth and environmental impacts in Jing-Jin-Ji, the Yangtze, River Delta and the

Pearl River Delta. Int. J. Appl. Earth Obs. Geoinf. 2014, 30, 42–55. [CrossRef]
23. Foti, R.; del Jesus, M.; Rinaldo, A.; Rodriguez-Iturbe, I. Signs of critical transition in the Everglades wetlands

in response to climate and anthropogenic changes. Proc. Natl. Acad. Sci. USA 2013, 110, 6296–6300.
[CrossRef] [PubMed]

24. Hinkel, J.; Klein, R.J.T. Integrating knowledge to assess coastal vulnerability to sea-level rise: The development
of the DIVA tool. Glob. Environ. Chang. 2009, 19, 384–395. [CrossRef]

25. Zhou, Y.; Tian, B.; Huang, Y.; Wu, W.; Qi, X.; Shu, M.; Xu, W.; Ge, F.; Wei, W.; Huang, G. Degradation of
Coastal Wetland Ecosystem in China: Drivers, Impacts, and Strategies. Bull. Chin. Acad. Sci. 2016, 31,
1157–1166.

26. Hu, Q.; Qi, Y.; Hu, Y.; Zhanng, Y.; Wu, C.; Zhang, G.; Shen, Y. Changes and driving forces of land use/cover
and landscape patterns in Beijing-Tianjin-Hebei region. Chin. J. Econ. Agric. 2011, 95, 1182–1189. [CrossRef]

27. Wang, S.; Ma, H.; Zhao, Y. Exploring the relationship between urbanization and the eco-environment—A
case study of Beijing–Tianjin–Hebei region. Ecol. Indic. 2014, 45, 171–183. [CrossRef]

28. Yan, M.; Li, J.; Ren, L. Beijing-Tianjin-Hebei Region Land Use and Landscape Pattern Analysis of Typical
Cities. Geospat. Inf. 2016, 14, 69–72.

29. Zhang, M.; Gong, Z.; Zhao, W. Landscape pattern change and the driving forces in Baiyangdian wetland
from 1984 to 2014. Acta Ecol. Sin. 2016, 36, 4780–4791.

30. China’s National Ecosystem Assessment and Ecological Safety Database. Available online: http://www.
ecosystem.csdb.cn (accessed on 12 September 2018).

31. Ouyang, Z.; Zheng, H.; Xiao, Y.; Polasky, S.; Liu, J.; Xu, W.; Wang, Q.; Zhang, L.; Xiao, Y.; Rao, E.; et al.
Improvements in ecosystem services from investments in natural capital. Science 2016, 352, 1455–1459.
[CrossRef] [PubMed]

32. Elith, J.; Leathwick, J.R.; Hastie, T. A working guide to boosted regression trees. J. Anim. Ecol. 2008, 77,
802–813. [CrossRef]

33. Gu, F.X.; Liu, W.B. Change Detection of Coastal Landscape Pattern Using GIS: A Case Study of Tianjin Binhai
New Area. Adv. Mater. Res. 2011, 418, 2032–2035. [CrossRef]

34. Liquete, C.; Zulian, G.; Delgado, I.; Stips, A.; Maes, J. Assessment of coastal protection as an ecosystem
service in Europe. Ecol. Indic. 2013, 30, 205–217. [CrossRef]

35. Barbier, E.B. Valuing the storm protection service of estuarine and coastal ecosystems. Ecosyst. Serv. 2015, 11,
32–38. [CrossRef]

36. Liu, H.; Dong, Y.; Tian, L. The Effects of Lake Aquiculture on the Lake Ecosystem in Hubei. Hubei Agric. Sci.
2011, 50, 1789–1792.

http://dx.doi.org/10.1007/s13157-016-0806-z
http://dx.doi.org/10.1073/pnas.1510272113
http://www.ncbi.nlm.nih.gov/pubmed/26712025
http://dx.doi.org/10.1371/journal.pone.0058715
http://www.ncbi.nlm.nih.gov/pubmed/23536815
http://dx.doi.org/10.1016/j.ecolind.2013.11.025
http://swj.beijing.gov.cn/eportal/fileDir/bjwater/resource/cms/2017/11/2017112016524372510.pdf
http://swj.beijing.gov.cn/eportal/fileDir/bjwater/resource/cms/2017/11/2017112016524372510.pdf
http://swj.tj.gov.cn/swj/zwgk/gkml/zcwj/gztb/201902/t20190228_13561.html
http://swj.tj.gov.cn/swj/zwgk/gkml/zcwj/gztb/201902/t20190228_13561.html
http://slt.hebei.gov.cn/a/2018/03/02/2018030221905.html
http://dx.doi.org/10.1016/j.jag.2013.12.012
http://dx.doi.org/10.1073/pnas.1302558110
http://www.ncbi.nlm.nih.gov/pubmed/23576751
http://dx.doi.org/10.1016/j.gloenvcha.2009.03.002
http://dx.doi.org/10.3724/SP.J.1011.2011.01182
http://dx.doi.org/10.1016/j.ecolind.2014.04.006
http://www.ecosystem.csdb.cn
http://www.ecosystem.csdb.cn
http://dx.doi.org/10.1126/science.aaf2295
http://www.ncbi.nlm.nih.gov/pubmed/27313045
http://dx.doi.org/10.1111/j.1365-2656.2008.01390.x
http://dx.doi.org/10.4028/www.scientific.net/AMR.418-420.2032
http://dx.doi.org/10.1016/j.ecolind.2013.02.013
http://dx.doi.org/10.1016/j.ecoser.2014.06.010


Int. J. Environ. Res. Public Health 2019, 16, 2619 16 of 16

37. Wu, W.; Zhao, S.; Zhu, C.; Jiang, J. A comparative study of urban expansion in Beijing, Tianjin and
Shijiazhuang over the past three decades. Landsc. Urban Plan. 2015, 134, 93–106. [CrossRef]

38. Mondal, B.; Dolui, G.; Pramanik, M.; Maity, S.; Biswas, S.S.; Pal, R. Urban expansion and wetland shrinkage
estimation using a GIS-based model in the East Kolkata Wetland, India. Ecol. Indic. 2017, 83, 62–73.
[CrossRef]

39. Wang, L.; Xiao, Y.; Rao, E.; Jiang, L. Spatial Characteristics of Food Provision Service and Its Impact Factors
in China. J. Nat. Resour. 2015, 30, 188–196.

40. Henriksson, P.J.G.; Belton, B.; Murshed-e-Jahan, K.; Rico, A. Measuring the potential for sustainable
intensification of aquaculture in Bangladesh using life cycle assessment. Proc. Natl. Acad. Sci. USA 2018, 115,
2958–2963. [CrossRef] [PubMed]

41. Kang, P.; Chen, W.; Hou, Y.; Li, Y. Linking ecosystem services and ecosystem health to ecological risk
assessment: A case study of the Beijing-Tianjin-Hebei urban agglomeration. Sci. Total Environ. 2018, 636,
1442–1454. [CrossRef] [PubMed]

42. Pal, S.; Talukdar, S. Drivers of vulnerability to wetlands in Punarbhaba river basin of India-Bangladesh. Ecol.
Indic. 2018, 93, 612–626. [CrossRef]

43. Zhang, Y.; Arthington, A.H.; Bunn, S.E.; Mackay, S.; Xia, J.; Kennard, M. Classification of Flow Regimes for
Environmental Flow Assessment in Regulated Rivers: The Huai River Basin, China. River Res. Appl. 2012,
28, 989–1005. [CrossRef]

44. Dawson, T.P.; Berry, P.M.; Kampa, E. Climate change impacts on freshwater wetland habitats. J. Nat. Conserv.
2003, 11, 25–30. [CrossRef]

45. Song, K.; Wang, Z.; Li, L.; Tedesco, L.; Li, F.; Jin, C.; Du, J. Wetlands shrinkage, fragmentation and their links
to agriculture in the Muleng–Xingkai Plain, China. J. Environ. Manag. 2012, 111, 120–132. [CrossRef]

46. Milzow, C.; Burg, V.; Kinzelbach, W. Estimating future ecoregion distributions within the Okavango Delta
Wetlands based on hydrological simulations and future climate and development scenarios. J. Hydrol. 2010,
381, 89–100. [CrossRef]

47. Fay, P.A.; Guntenspergen, G.R.; Olker, J.H.; Johnson, W.C. Climate change impacts on freshwater wetland
hydrology and vegetation cover cycling along a regional aridity gradient. Ecosphere 2016, 7, e01504. [CrossRef]

48. Gopal, B.; Shilpakar, R.; Sharma, E. Functions and Services of Wetlands in the Eastern Himalayas: Impacts of
Climate Change; International Centre for Integrated Mountain Development (ICIMOD): Lalitpur, Nepal, 2010.

49. Du, T.; Kang, S.; Zhang, J.; Davies, W.J. Deficit irrigation and sustainable water-resource strategies in
agriculture for China’s food security. J. Exp. Bot. 2015, 66, 2253–2269. [CrossRef] [PubMed]

50. Assessment, M.E. Ecosystems and Human Well-Being: Wetlands and Water Synthesis: A Report of the Millennium
Ecosystem Assessment; World Resources Institute: Washington, DC, USA, 2005.

51. Beijing Munipical Commission of Planning and Natural Resources. Available online: http://ghzrzyw.beijing.
gov.cn/art/2007/10/12/art_4591_463615.html (accessed on 12 October 2007).

52. Fan, J. Research on the Comprehensive Planning of Jing-Jin-Ji Metropolitan Area; Science Press: Beijing, China, 2008.
53. Xie, Z.; Xu, L.; Duan, X.; Xu, X. Analysis of boundary adjustments and land use policy change—A case study

of Tianjin Palaeocoast and Wetland National Natural Reserve, China. Ocean Coast. Manag. 2012, 56, 56–63.
[CrossRef]

54. Kang, H.; Seely, B.; Wang, G.; Innes, J.; Zheng, D.; Chen, P.; Wang, T.; Li, Q. Evaluating management tradeoffs
between economic fiber production and other ecosystem services in a Chinese-fir dominated forest plantation
in Fujian Province. Sci. Total Environ. 2016, 557, 80–90. [CrossRef] [PubMed]

55. Zheng, H.; Li, Y.; Robinson, B.E.; Liu, G.; Ma, D.; Wang, F.; Lu, F.; Ouyang, Z.; Daily, G.C. Using ecosystem
service trade-offs to inform water conservation policies and management practices. Front. Ecol. Environ.
2016, 14, 527–532. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.landurbplan.2014.10.010
http://dx.doi.org/10.1016/j.ecolind.2017.07.037
http://dx.doi.org/10.1073/pnas.1716530115
http://www.ncbi.nlm.nih.gov/pubmed/29507224
http://dx.doi.org/10.1016/j.scitotenv.2018.04.427
http://www.ncbi.nlm.nih.gov/pubmed/29913604
http://dx.doi.org/10.1016/j.ecolind.2018.05.043
http://dx.doi.org/10.1002/rra.1483
http://dx.doi.org/10.1078/1617-1381-00031
http://dx.doi.org/10.1016/j.jenvman.2012.06.038
http://dx.doi.org/10.1016/j.jhydrol.2009.11.028
http://dx.doi.org/10.1002/ecs2.1504
http://dx.doi.org/10.1093/jxb/erv034
http://www.ncbi.nlm.nih.gov/pubmed/25873664
http://ghzrzyw.beijing.gov.cn/art/2007/10/12/art_4591_463615.html
http://ghzrzyw.beijing.gov.cn/art/2007/10/12/art_4591_463615.html
http://dx.doi.org/10.1016/j.ocecoaman.2011.06.010
http://dx.doi.org/10.1016/j.scitotenv.2016.03.061
http://www.ncbi.nlm.nih.gov/pubmed/26994796
http://dx.doi.org/10.1002/fee.1432
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Study Area 
	Wetland Data 
	LULC Analysis by Geographic Information System (GIS) 
	Driving Forces of the Decrease in Natural Wetlands 

	Results 
	Changes in Wetland Area and Distribution 
	Wetland Changes 
	Natural Wetlands Patterns of Change from 2000 to 2015 
	Drivers of the Decrease in Natural Wetland Area 

	Discussion 
	Main Wetland Changes in Different Areas 
	The Drivers of Changes in Wetland Area 
	Evidence-Based Policy Advice 
	Future Research 

	References

