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Abstract: Comparative evaluation of cross-boundary wetland protected areas is essential to
underpin knowledge-based bilateral conservation policies and funding decisions by governments
and managers. In this paper, wetland change monitoring for the Wusuli River Basin in the cross-
boundary zone of China and Russia from 1990 to 2015 was quantitatively analyzed using Landsat
images. The spatial-temporal distribution of wetlands was identified using a rule-based object-
oriented classification method. Wetland dynamics were determined by combining annual land
change area (ALCA), annual land change rate (ALCR), landscape metrics and spatial analysis in a
geographic information system (GIS). A Mann-Kendall test was used to evaluate changing climate
trends. Results showed that natural wetlands in the Wusuli River Basin have declined by 5625.76
km? in the past 25 years, especially swamp/marsh, which decreased by 26.88%. Specifically, natural
wetlands declined by 49.93% in the Chinese section but increased with an ALCA of 16.62 km?/y in
the Russian section during 1990-2015. Agricultural encroachment was the most important reason
for the loss and degradation of natural wetlands in the Wusuli River Basin, especially in China.
Different population change trends and conservation policies in China and Russia affected natural
wetland dynamics. The research offers an efficient and effective method to evaluate cross-boundary
wetland change. This study provides important scientific information necessary for developing
future ecological conservation and management of cross-boundary wetlands.

Keywords: cross-boundary protected area; rule-based object-oriented classification; wetland
dynamics; Wusuli River Basin; rate of change

1. Introduction

Wetlands are among the most productive ecosystems on Earth. They provide a wide variety of
ecological functions and values, ranging from flood control to groundwater aquifer recharge and
discharge, carbon sequestration, and water quality improvement, and they harbor a large part of the
Earth’s biodiversity [1-3]. They also supply many services for humans, such as food, water, recreation
and space for living. In many countries, the local economy depends on wetlands for fisheries, reed

Remote Sens. 2019, 11, 2581; doi:10.3390/rs11212581 www.mdpi.com/journal/remotesensing



Remote Sens. 2019, 11, 2581 2 of 26

harvesting, grazing, and tourism development [4-7].

Human activities and global climate change, including construction of canals and dams,
agricultural cultivation, residential and industrial development, as well as droughts [8-10], currently
affect most wetland ecosystems with ever-increasing intensity and scope [11]. Considerable evidence
has shown that wetlands have experienced alarming rates of loss and degradation, with their
ecological functions and biodiversity declining at local, regional and global scales. In the Sanjiang
Plain, Northeast China, the wetland area had decreased by 53% as a result of farmland reclamation,
and their ecosystem service values noticeably declined from 1980 to 2000 [6]. Greece lost
approximately 70% of its wetlands between 1920 and 1991 [12]. Over the last century, depending on
the region, 31%-95% of wetlands have been destroyed or strongly modified along the west coast of
the Pacific [13]. According to an OECD/IUCN (Organization for Economic Co-operation and
Development/International Union for Conservation of Nature) report [14], the world may have lost
50% of its wetlands since 1900, and land conversion into agriculture was the principal cause.
Unfortunately, owing to the lack of a detailed wetland inventory and inconsistent wetland definitions,
the wetland extent has not been precisely defined in several major regions of the world, such as
Russia, South America, and Africa [15,16]. Moreover, the analysis of the underlying factors of
wetland loss and fragmentation, such as population pressure, political institutions, economic
development, and ecological conservation measures, is lacking currently [17,18]. To prevent further
wetland loss and degradation as well as to identify valuable wetland protected areas (WPAs), it is
essential to inventory and monitor wetlands and their adjacent uplands to analyze change factors,
collect baseline data and support decision making in terms of long-term strategies for wetland
conservation [19,20].

By their nature, wetland areas are relatively inaccessible and it is difficult to conduct traditional
field surveys. However, remote sensing techniques make it possible to observe inaccessible zones or
remote targets repeatedly, and thus allow for more effective monitoring of wetland change and
distribution [5,21]. A geographic information system (GIS) is a valuable tool for studying the nature
of wetlands and assessing their dynamics at different spatial scales [22,23]. Compared with
conventional methods, remote sensing and GIS are often preferred tools for monitoring or mapping
wetlands because they are relatively fast, time-saving and cost-effective.

Establishing WPAs is considered to be one of the most effective strategies for conserving and
managing wetland resources worldwide [24]. Research monitoring WPAs has focused on the
situation within a single country [25,26]. There are few studies aimed at the WPAs between countries
[27,28]. Generally, the boundary among countries is a political one, which is inconsistent with the
ecology and environment borderline, while species distribution and ecological processes do not
designate or discriminate explicitly due to the existence of the national boundary [29]. Moreover,
different countries in the world implement political institutions and livelihood strategies. There are
even, in some cases, various contradictories in terms of land use policies. In particular, some
neighboring countries or areas have similar climate and geographical conditions, but their political
and socio-economic regimes are often very different. Under this circumstance, if the ecology system
of one side changed, that of the other side would be affected to some degree, which accordingly
causes the bilateral ecology system to undergo a fragile development process [30]. So far, a
unanimous awareness, which it is difficult to achieve conservation effectiveness of cross-border
WPAs only by one single country enforcing efforts, has been recognized in the worldwide [31]. Thus,
it is informative and significant to conduct cross-border studies on wetland monitoring and
assessment because such investigations will help determine how wetland dynamics are driven by
differing socio-economic and political conditions, develop knowledge-based wetland conservation
and management strategies on behalf of neighboring countries, as well as provide references on
future cross-boundary wetland studies [32,33].

The Wusuli River Basin is located on the border of China and Russia and, by virtue of the suitable
terrain, climate and natural conditions, is one of the most important WPAs in the Eurasian continent.
The main objectives of this study were to (1) conduct a wetland mapping and inventory in the Wusuli
River Basin; (2) characterize the dynamics of wetlands from 1990 to 2015, and conversions between
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wetlands and other land cover types; (3) analyze the possible influences of anthropogenic activities
and climate change on the spatio-temporal wetland dynamics; and (4) propose more feasible
conservation and management measures from the perspective of bilateral cooperation. To fulfill these
objectives, remotely sensed data were used to map land cover using rule-based object-oriented
classification and visual interpretation. GIS was used to analyze the wetland dynamics.

2. Materials and Methods

2.1. Study Area

The Wusuli River Basin is situated in the cross-boundary zone of Northeast China and the Far
East region of Russia. Based on the Shuttle Radar Topography Mission (SRTM) 90 m Digital Elevation
Model (DEM) (http://srtm.csi.cgiar.org/index.asp), we defined the entire boundary of the Wusuli
River Basin with spatial analyst tools in ArcGIS 10 [34] (Figure 1).

The latitude of this area ranges from 43°25' N to 48°56’ N and the longitude ranges from 129°50’
E to 138°05' E. The watershed area is about 195.06 x 103 km? in total, of which the Russian and the
Chinese sections account for 69.06% and 30.94%, respectively. According to the administrative
boundary, the basin runs from west to east across the Heilongjiang province of China and the
Primorsky Krai province of Russia. In terms of the natural landscape, the Chinese section of the
Wusuli River Basin is located on the East Sanjiang Plain, and the Russian section is part of the West
Sikhot Mountains. The average elevation of this basin is 354 m, and the climate is characterized by a
cold and dry winter and a warm and rainy summer.

The Wusuli River forms the border between China and Russia in the Wusuli River Basin, and
the shared boundary stretches about 901.34 km. In 2015, the Chinese population in the basin was
approximately 4,213,763 (http://data.stats.gov.cn/english/), and the Russian population was 878,007
(http://www.gks.ru/). Agriculture and coal mining are the main industries in the Chinese section, and
more than 50% of the region is a plain (i.e., Sanjiang Plain), which is one of the most vital grain
production bases in China. More than 70% of land is covered by forests in the Russian section, and
timber and mining are the major industries—agricultural land covers less than 6% [35].

In the basin, wetlands serve as a stopover and nesting area for substantial migratory and
waterfowl bird populations, such as Grus japonensis, Ciconia ciconia, Larus ridibundus, Aix galericulata,
and Tetrao tetrix [36]. In addition, they play a vital role in stabilizing regional water supplies,
ameliorating floods and drought and purifying polluted water. Furthermore, fish harvesting from
wetlands is a significant economic resource for regional communities. Therefore, wetlands in the
Wousuli River Basin are of great value for ecological balance, sustainable development and human
well-being.
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Figure 1. Location of the Wusuli River Basin.

2.2. Data Preparation and Fieldwork

Cloud-free Landsat Thematic Mapper (TM) and Operational Land Imager (OLI) images (30 m
spatial resolution) were chosen as the basic data sources to analyze the temporal and spatial wetland
dynamics for the Wusuli River Basin in 1990, 2000 and 2015. These images were obtained in the
growing season from May to September to minimize the effect of seasonal variations on the accuracy
of land cover classification. Each image was acquired for the same month or the same vegetation
growing period between 1990 and 2015 (Table 1). All images were geo-rectified with the registration
error being less than half a pixel and atmospherically corrected using the Fast Line-of-sight
Atmospheric Analysis of Spectral Hypercubes (FLAASH) [37].
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Table 1. Specific description of each image used for land cover classification.

1990 2000 2015
Path/Row
Date Sensor Date Sensor Date Sensor
111/27 17 Sept. ™ 12 Sept. ™ 17 Jul. OLI
111/28 10 Aug. ™ 12 Sept. ™ 31 Aug. OLI
111/29 16 Oct. ™ 12 Sept. ™ 15 Aug. OLI
112/26 19 Jul. ™ 18 Aug. ™ 8 Jul. OLI
112/27 19 Jul. ™ 3 Sept. ™ 8 Jul. OLI
112/28 5 Sept. ™ 3 Sept. ™ 25 Aug. OLI
112/29 1 Aug. ™ 13 Aug. ™ 25 Aug. OLI
112/30 19 Jul. ™ 12 Jul. ™ 3 Jun. OLI
113/26 9 Sept. ™ 21 Sept. ™ 17 Sept. OLI
113/27 23 May. ™ 21 Sept. ™ 9 May. OLI
113/28 9 Sept. ™ 21 Sept. ™ 14 Sept. OLI
113/29 7 Jul. ™ 16 Jul. ™ 28 Jul. OLI
113/30 12 Sept. ™ 7 Sept. ™ 28 Jul. OLI
114/27 12 Jun. ™ 14 Sept. ™ 4 Jun. OLI
114/28 19 Sept. ™ 15 Sept. ™ 8 Sept. OLI
114/29 19 Sept. ™ 12 Sept. ™ 8 Sept. OLI
114/30 19 Sept. ™ 29 Jun. ™ 4 Jun. OLI
114/31 20 Sept. ™ 29 Jun. ™ 4 Jun. OLI
115/27 25 Jun. ™ 17 Jun. ™ 15 Sept. OLI
115/28 26 Jun. ™ 17 Jun. ™ 16 Sept. OLI
115/29 26 Sept. ™ 17 Jun. ™ 15 Sept. OLI

Data for the annual average temperature and annual precipitation from 1990 to 2015 were
collected at 92 meteorological stations in and around the study area (Figure 2). This allowed us to
analyze climate change factors driving wetland change. These meteorological data were interpolated
to obtain a spatially continuous surface. The choice of spatial interpolation methods is referenced in
Lu et al. [38].

From 2012 to 2015, 315 ground survey points were collected in the Chinese section of the basin
watershed. Owing to limited accessibility to the Russian section of the basin, visual inspection of
high-resolution images from Google Earth, online photos and literature searches were carried out to
collect land cover information during the period 2010-2015. This generated an additional 256
reference points. All field survey points and the reference data sites were used to evaluate the
accuracy of the land cover classification results in 2015 (Figure 2). Owing to the lack of field survey
data in 1990 and 2000, 600 independent points for each year were created by spatial analysis of create
random points in ArcGIS 10 [34]. These random points were classified into different land cover types
(described in Section 2.3) by consulting with experienced interpreters and experts, and were then
used as validation points.
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Figure 2. The location of meteorological stations, field survey points and ground reference data
sites.

2.3. Land Cover Classification System

Considering systematically the wetland classification of Ramsar Wetland Convention, the
purpose of our study, and the specific conditions of the land cover type in the study area, a landscape
classification system was established for this study, including nine land cover types (i.e.,
swamp/marsh, natural open water, human-made wetland, woodland, grassland, paddy field, dry
farmland, built-up land and barren land). These were incorporated into seven categories (i.e., natural
wetland, human-made wetland, woodland, grassland, cropland, built-up land and barren land). The
detailed description of the classification system is given in Table 2.
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Table 2. Description of the landscape classification system used by this study.

Landscape Category

Land Cover Type

Description

Natural wetland (NAW)

Human-made wetland (HUW)

Woodland (WOL)

Grassland (GRL)

Cropland (CRL)

Built-up land (BUL)

Barren land (BAL)

Swamp/Marsh (SAM)

Natural open water (NOW)

Human-made wetland (HUW)

Woodland (WOL)

Grassland (GRL)

Paddy field (PAF)

Dry farmland (DRF)

Built-up land (BUL)

Barren land (BAL)

Lands with a permanent mixture of
water and herbaceous or woody
vegetation that cover extensive
areas

Rivers and lakes

Manufactured facilities for water,
reservoirs, channels, ponds, and
ditches, etc.

Broadleaved forest, mixed
broadleaf-conifer forest, needle-
leaved forest and shrubs

Natural areas with herbaceous
vegetation

Cropland that has enough water
supply and irrigating facilities for
planting paddy rice

Cropland for planting dry farming
crops without water supply and
irrigation facilities

Lands used for urban and rural
settlements, factories or
transportation facilities

Sandy land and areas with less

than 5% vegetation cover

2.4. Rule-Based Object-Oriented Classification Method

Compared with the frequent generation of ‘salt-and-pepper’ effects based on pixel-based

classification methods [39], the object-oriented classification method can not only effectively avoid
the ‘salt-and-pepper’ effects, but also reduce the ‘within-class’ spectral variation through segmenting
an image into groups of contiguous and homogeneous pixels (image objects) as the mapping unit
[40]. Moreover, besides of the spectral properties of the objects, their shape, texture and geometric
features are also taken into account in the classification process of the object-oriented classification
[8,41]. As a result, more effective and accurate performances are obtained than with pixel-based
approaches [42,43].

To develop land cover maps for the study area in 1990, 2000 and 2015, a rule-based object-
oriented classification method was applied to perform image segmentation and classify image objects
into specific land cover types in the study. The layers which were selected to segment are Band 1
(0.45-0.52 ym), 2 (0.52-0.60 um), 3 (0.63-0.69 um), 4 (0.76-0.90 um), 5 (1.55-1.75 um), and 7 (2.08-2.35
um) for Landsat TM, as well as Band 2 (0.450-0.515 um), Band 3 (0.525-0.600 ym), Band 4 (0.630-
0.680 um), Band 5 (0.845-0.885 um), Band 6 (1.560-1.660 um), and Band 7 (2.100-2.300 um) for
Landsat OLI. The eCognition Developer 8.7.1 [44] was used to classify the images.

First, an optimal segmentation scale model referenced by Lu et al. [45] was used, in which a
selected image scene was processed and grouped into homogeneous pixels (image objects) with an
optimal segmentation scale. Each object resulting from this segmentation had minimal spectral
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variability [40,46] and the boundaries of these objects approximately followed the outline of
individual land cover types. After segmentation, the segmented objects were categorized using a set
of classification rules.

Considering the importance of vegetation growth and water content in wetland classification
[47], the normalized difference vegetation index (NDVI) [Equation (1)] and land surface water index
(LSWI) [Equation (2)] were used as rule layers to characterize vegetation and background soil,
respectively.

NDVI — pnir _pred (1)
pnir +pred

LSWI — pnir _pswir (2)
pm'r +pswir

where Pred , Pir and Piuir are the reflectance values of Landsat TM Bands 3, 4 and 5 and Landsat
OLI Bands 4, 5 and 6, respectively.

Several previous studies have reported that the hue of different band combinations can be a
crucial factor for identifying different land cover types [48]. In this study, the hue was derived from
a combination of Landsat TM Bands 5, 4, and 3 or Landsat OLI Bands 6, 5, and 4. The value range of
the hue is between 0 and 1.

Different land cover types present distinct image textures, which is another variable necessary
for land cover classification [49]. Based on the Haralick algorithm and gray level co-occurrence matrix
(GLCM), the texture homogeneity ranging from 0 to 1 of each object was calculated [44]. The higher
the value is, the higher the homogeneity.

The shape of an image object is also important to detect different land cover types. The shape
index (SI) [Equation (3)] of an image object describes the smoothness of an image object border. The
smoother the border of an image object is, the lower its shape index.

bv
Sl = TP 3)

v

where b is the border length of each image object, and P, is the area of each image object.

After a series of pre-experiments, a classification rule set was developed (Figure 3). When the
execution of classification rules was completed, the results were visually examined and modified for
better precision. The overall accuracy, user accuracy and producer accuracy were used to assess the
accuracy of the classification results.
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Figure 3. Rules for the land cove classification of the Wusuli River Basin (a, §, v, 0, ¢, and (, represent
the selected classification parameters and each of them could vary for different images (Landsat
TM/OLI: Landsat Thematic Mapper/Operational Land Imager; NDVI: Normalized difference
vegetation index; LSWI: Land surface water index; SI: Shape index; SWIR1: Short wave infrared
band1, corresponding to Landsat TM Band 5 and Landsat OLI Band 6, respectively; NIR: Near
infrared band, corresponding to Landsat TM Band 4 and Landsat OLI Band 5, respectively; Red: Red
band, corresponding to Landsat TM Band 3 and Landsat OLI Band 4, respectively; Unwater area:
Land areas covered without water, including built-up area, barren land, woodland, grassland,
swamp/marsh, dry farmland and paddy field).

2.5. Analysis of Land Cover Change

Two indices, annual land change area (ALCA) and annual land change rate (ALCR), were
calculated to assess the dynamic degree of land cover types objectively. These are defined as follows:

ALCA=(U, —Ua)x% (4)
u,-u
ALCR = B 5 G ><100% (5)
u, T
where Yo and Us represent the area of each land cover type at the beginning and the end of the

study period, respectively, and T is the number of years. In the study, the time interval was divided
into two stages: 1990-2000 and 2000-2015.

To analyze the spatial change characteristics of natural wetlands (i.e., swamp/marsh and natural
open water) more explicitly, intersect overlay analysis in ArcGIS 10 [34] was used to create a
conversion matrix between natural wetlands and other land cover types for the time periods 1990
2000 and 2000-2015. In addition, a Sankey diagram [50] was used to illustrate the conversion of all
land cover types, as this can help visualize the temporal dynamics of all land cover types.

2.6. Calculation of Landscape Metrics

Landscape metrics can reflect the characteristics of changing landscape patterns, and allowed us
to assess quantitatively the landscape change process. In the study, five landscape metrics were used
to assess the change pattern of the natural wetland landscape, including the number of patches (NP),
mean patch size (MPS), largest patch index (LPI), area-weighed mean shape index (AWMSI), and the
interspersion and juxtaposition index (IJI).
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NP is defined as the count of patches and is a simple measure of fragmentation of one landscape
category. Although the NP of one landscape category may be important for ecological processes and
landscape pattern, it cannot directly reflect information concerning the distribution, area and density
of patches. MPS is defined as the average patch size, and LPI quantifies the percentage of the largest
patch accounting for the total area of all patches belonging to a given landscape category. AWMSI is
used to assess shape characteristics by calculating the sum of the area-weighted ratio between the
perimeter and area of each patch. IJI represents interspersion and juxtaposition and can quantify the
connectivity and distribution pattern between different patch types.

The detailed ecological significance and equations for selected landscape metrics are illustrated
in Table 3. The calculation of landscape metrics was performed in Fragstats 4.2 [52].

2.7. Climate Change Analysis Based on Mann—Kendall Test

To measure the possible influence of climate change on the existence of wetlands, the changing
climate trends were analyzed to determine whether climate change affected wetland dynamics. The
statistical significance of the trends in annual average temperature and annual precipitation was
measured using the Mann-Kendall test [53]. A trend is statistically significant if it is significant at the
5% level.
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Table 3. Description of landscape metrics used by this study.

Landscape Metrics

Code

Ecological Significance [51]

Number of patches

Mean patch size

Largest patch index

Area-weighed mean
shape index

NP

MPS

LPI

AWMSI

Calculation Equation” Rangt? and
Units
n >1
A /10000 >0 ha
ma}x(ai], )AX100% From 0 to 100%
]:

$s O o
=1 jo1 a. A

NP can reflect the landscape spatial pattern and be used to
describe the landscape heterogeneity. Moreover, there is also
a positive correlation between the number of patches and
landscape fragmentation, the value of NP is higher, the
fragmentation more serious.

MPS represents an average condition of landscape, which has
two meanings in the analysis of landscape structure. On the
one hand, MPS can describe the landscape scale, which
indicates ecological characteristics to a certain extent. On the
other hand, it can reflect the landscape fragmentation degree.
It is demonstrated that one landscape with low MPS value
has undergone more serious fragmentation than one
landscape with high MPS value. Moreover, MPS is a kind of
key index to quantify landscape heterogeneity.
Largest patch area determines the ecological characteristics of
dominant species, and influences the abundance, quantity
and food chain of species in the ecosystem, as well as the
breeding of secondary species, etc. The value change of it can
reflect the direction and intensity of human activities.
AWMSI is one of the most important indicators for measuring
the complexity of landscape spatial pattern, and has impact
on many ecological processes, such as the migration and
foraging activities of animal species, cultivation and
production efficiency of plant species, etc. Moreover, for the
shape analysis of natural block or landscape, the edge effect
which is attributed to the shape factor is a significant
performance of ecological meaning.
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IJI is one of the most important indices for describing the
landscape spatial pattern, and can reflect the restriction

moJn i e, degree of natural and anthropic factors impacting on
Interspersion and i N - k_ZH:I m n = From 0 to 100% ecosystem distribution characteristics. The patches have the
juxtaposition index o Z € Z i °  most intense aggregation if the value of IJI equals to 0. On the
k=1 k=1 %100 contrary, the patches distribute homogeneously within the
In(0.5 [m(m - 1):') landscape when the value of it is 100%. The value of IJI is

higher, the influence degree of extra factors stronger.

1 represents the number of patches for one given land cover type; m is the number of land cover types in the landscape; A is the total area of patches belonging to a given land
cover type; ai is the area of the ijth patch; Pjj is the perimeter of the ijth patch; e is the total length of edges between the ith and jth land cover type.
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3. Results

3.1. Accuracy Assessment of Land Cover Maps

Table 4 presents the accuracy assessment for the land cover types in each study year. The overall
accuracies of all the classification results were more than 0.93, which means that our classification
results were consistent with those obtained from the validation points.

Table 4. Summary of land cover classification accuracies in 1990, 2000 and 2015.

1990 2000 2015
Land Cover Type Pro Use Pro Use Pro Use
SAM 091+0.01 095+0.03 090+0.01 096+0.03 0.88+0.01 0.94+0.04
NOW 093+0.01 092+0.08 092+0.02 090+0.08 0.98+0.01 0.93+0.08
HUW 0.88+0.02 090+0.11 0.89+0.01 091+0.10 0.93+0.02 0.92+0.10
WOL 097+0.02 094+0.05 094+0.04 096+004 097+0.04 0.94+0.05
GRL 0.89+0.03 090+0.08 093+0.05 0.92+0.07 0.90+0.05 0.93+0.07
PAF 090+0.03 094+0.06 090+0.03 095+0.05 0.91+0.00 0.94+0.06
DRF 0.89+0.01 093+0.06 094+0.01 094+005 0.89+0.01 0.91=+0.07
BUL 095+0.01 097+0.04 093+001 098+0.03 0.94+0.01 0.97=+0.04
BAL 093+0.03 094+0.07 095+002 092+0.06 094+0.03 091+0.14
Overall accuracy 0.93 +0.04 0.94 +0.02 0.94 +0.03

Note: Pro denotes producer accuracy; Use denotes user accuracy; the value after the symbol “+”
represents the margin of error at confidence level 95%.

3.2. Temporal and Spatial Changes of Land Cover Types

Figure 4 illustrates the spatio-temporal distribution of each land cover type in the study area
from 1990 to 2015. The comparisons of the percentage of each land cover type are depicted in Figure
5. Table 5 shows the ALCA and ALCR of each land cover type. The results indicate that the natural
wetlands (i.e.,, swamp/marsh and natural open water) of the Wusuli River Basin experienced a
gradual decrease from 13.79% of the total area (26,892.99 km?) in 1990 to 10.91% of the total area
(21,267.23 km?) in 2015, with an ALCA of —225.03 km?/y and an ALCR of -0.96%/y. Swamp/marsh
decreased by 2.96% during the period 1990-2015, while the area of natural open water increased by
0.08%. From 1990 to 2000, swamp/marsh decreased dramatically, with a change rate of —42.81 km?/y.
During 2000-2015, the reduction rate of the swamp/marsh area slowed over time, with an average
rate of loss of 90.45 km?/y. Despite an annual reduction area of 85.87 km? woodland remained the
dominant landscape type during the period 1990-2015, with the vast majority distributed in the
Russian part of the catchment. Cropland expanded markedly with an average rate of gain of 236.01
km?/y, especially in 1990-2000 with an ALCR of 417.91 km?/y. Specifically, the distribution range of
paddy field expanded from sporadic patches in 1990 to large-scale continuous areas in the Chinese
section of the basin in 2015, and the area quadrupled. In contrast, dry farmland decreased overall
from 15.33% of the total area in 1990 to 12.06% of the total area in 2015, mainly because of a rapid rate
of decrease from 2000 to 2015 (ALCR was —545.27 km?/y). Human-made wetland, grassland, built-up
land, and barren land had a slight areal increase during the period 1990-2015 with an ALCA of 4.58
km?/y, 18.61 km?/y, 13.72 km?/y, and 38.03 km?/y, respectively.

In terms of the different countries, in the Russian section of the Wusuli River Basin, woodland
still accounted for more than three-fourths of the total landscape area from 1990 to 2015, despite an
annual decline of 55.09 km2. For croplands, both dry farmland and paddy field decreased by a small
proportion. However, swamp/marsh and natural open water increased with an ALCA of 11.68 km?/y
and 4.91 km?/y, respectively.

Remote Sens. 2019, 11, 2581; doi:10.3390/rs11212581 www.mdpi.com/journal/remotesensing
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In the Chinese section, croplands were the largest land cover type from 1990 to 2015. Paddy field
and dry farmland showed the opposite areal change trends. During 1990-2015, paddy fields
increased more than five-fold in area, while dry farmlands decreased by 9.65%. The area of natural
wetland almost halved, and their areal proportion reduced from 20.05% of the total area of the
Chinese section to 10.04%, with an ALCA of 241.62 km?/y and an ALCR of -2.21%/y. The areal
reduction of swamp/marsh accounted for the overwhelming majority of change in natural wetland
with a loss rate of 243.08 km?/y, whereas no significant change occurred in the area of natural open
water.
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3.3. Conversion between Natural Wetland and Other Land Cover Types

Figure 6 and Table 6 illustrate the conversions between natural wetland and other land cover
types in terms of spatial distribution and area. Most of the natural wetland conversion occurred in
the Chinese section of the Basin, while only a small proportion took place in the Russian section.
Across the entire Wusuli River Basin, most of the natural wetland recession occurred from 1990 to
2000, attributed to the conversion of a large area to dry farmland and paddy field, which accounted
for 78.51% and 15.16% of the natural wetland reduction in this stage, respectively. During the period
2000-2015, the percentage of conversion to dry farmland and paddy field was 43.78% and 50.87%,
respectively. Between 1990 and 2000, 125.88 km? of natural wetlands were converted into human-
made wetlands which reduced the area of natural wetlands. In terms of the transformation of other
land cover types into natural wetlands, in both stages (1990-2000 and 2000-2015), the proportion of
dry farmland converted into natural wetlands was the highest, accounting for 78.76% and 54.94%,
respectively. Paddy field also contributed to the increase of natural wetlands, accounting for 14.22%
and 16.36% of natural wetland area recovery in the stages 1990-2000 and 2000-2015, respectively.
There was little reciprocal conversion among natural wetlands and woodland, grassland, built-up
land or barren land during the period 1990-2015. These results suggest that the change in natural
wetlands area can be attributed mainly to cropland reclamation and natural restoration from
cropland.

For the Russian portion of the basin, the reclamation of natural wetlands covered a smaller area
than their expansion during the two periods. Especially in the stage of 1990-2000, a total of 457.20
km? of natural wetlands were restored from cropland. Nevertheless, the reduced area of natural
wetlands in the Chinese part of the basin was much larger than that of natural wetland restoration,
suggesting a serious areal loss process.
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Figure 6. Dynamic conversion comparisons between natural wetlands and other land cover types. (a)
Sankey diagram for comparison of total land cover dynamics from 1990 to 2015; (b) Spatial
distribution of conversion between natural wetlands and other land cover types in two stages, 1990
2000 and 2000-2015.
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Table 6. Conversion comparison between natural wetlands and other land cover types in the study
area.

Conversion Area/km?

Change Type China Part Russia Part Wusuli River Basin
1990-2000 2000-2015 1990-2000 2000-2015 1990-2000 2000-2015
NAW—-HUW 123.77 41.20 2.11 3.43 125.88 44.63
NAW—-WOL 91.21 26.27 7.28 0.45 98.49 26.72
NAW—-GRL 38.17 9.62 6.94 2.28 45.11 11.90
NAW—-PAF 712.26 1043.13 11.97 0.00 724.23 1043.13
NAW—-DRF 3720.86 897.74 29.89 0.12 3750.75 897.86
NAW—BUL 20.10 16.75 8.62 7.15 28.72 23.90
NAW—-BAL 0.00 0.02 413 2.51 4.13 2.53
HUW—-NAW 14.54 75.8 1.88 2.48 16.42 78.28
WOL—-NAW 9.71 11.07 3.94 3.02 13.65 14.09
GRL->NAW 8.10 27.25 5.77 6.37 13.87 33.62
PAF—-NAW 53.24 76.73 56.58 0.00 109.82 76.73
DRF—->NAW 207.53 248.97 400.62 8.79 608.15 257.76
BUL->NAW 0.83 6.24 7.86 0.19 8.69 6.43
BAL->NAW 0.54 0.00 0.97 2.24 1.51 2.24

3.4. Fragmentation and Improvement of Natural Wetland and Trend of Climate Change

Table 7 presents a comparison of the landscape metrics for natural wetlands in the Chinese and
Russian sections of the Wusuli River Basin in 1990, 2000 and 2015. The landscape pattern of natural
wetlands changed significantly in the Chinese part of the basin, while there was no significant change
from 1990 to 2015 in the Russian part. During 1990-2015, despite a small increase in average patch
area (MPS), the NP, LPI and AWMSI of natural wetlands decreased significantly in the Chinese
portion, indicating that natural wetlands had undergone a loss and fragmentation process. In the
Russian section, the NP, MPS, LPI and AWMSI of natural wetlands increased slightly, supporting the
improvement which the natural wetlands had experienced in the Russian portion of the basin. There
were more obvious changes in the IJI of natural wetlands in the Chinese part than in the Russian part
of the basin, suggesting that the existence of natural wetland was subjected to more outside
interference in the Chinese portion of the Wusuli River Basin.

Table 7. Landscape metrics comparison of the natural wetlands for the China portion and Russia

portion of the Wusuli River Basin in1990, 2000 and 2015.

Year NP MPS LPI AWMSI IJI
China part 1990 3387 357.18 16.81 57.07 54.58
2000 3647 204.16 5.92 32.13 59.78
2015 1384 437.66 4.67 27.05 68.58
Russia part 1990 2158 685.60 5.00 24.34 73.75
2000 2236 679.88 524 24.55 73.38
2015 2217 686.06 524 24.39 74.02

Based on the Mann-Kendall test, there were no significant changes, at the 5 % significant level,
in the trend for the annual average temperature and annual precipitation in the Wusuli River Basin
during the study period.
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4, Discussion

4.1. Conservation and Threats of Anthropogenic Activities on Natural Wetland

Agriculture, considered as the primary foundation of a country’s development, is important for
ensuring national security and people’s livelihoods [54]. In the past, reclaiming natural wetlands for
croplands was seen as the best way to increase the cultivated land area to meet the need for grain
production. Our results suggest that conversion into croplands was the primary contributor to
natural wetland losses, especially in the Chinese section of the Wusuli River Basin (Table 5, Figure 6,
and Table 6). Previous studies concerning the dynamics of natural wetlands in the Sanjiang Plain of
China, have also shown that the loss and shrinkage of natural wetlands were generally caused by
agricultural encroachment [55,56]. Indeed, there are a series of national and regional policies
designed to stimulate natural wetland conversion into croplands in the Chinese part of the Wusuli
River Basin [57]. In the 1990s, grain trade and crop cultivation were promoted by the establishment
of a market-based economic system and comprehensive enforcement of a household responsibility
system. The introduction of modern agricultural machinery also made agricultural encroachment
more feasible [58,59]. To enhance grain security, the Heilongjiang province government has executed
the project ‘Land Regulation and Reclamation’ since 2001. Owing to suitable geographical conditions,
natural wetlands were seen as the most desirable land cover type for crop cultivation, especially in
the Sanjiang Plain [60]. In 2004, the ‘Reform of Rural Taxes and Administrative Charges’ policy was
first carried out in Heilongjiang Province [61], by which the agricultural tax was rescinded and
subsides were granted to farmers according to their cultivated area. Because of the increase in farming
profit in the context of the policy, significant areas of illegal cropland were developed in the Sanjiang
Plain. During the past decade, a food security plan was launched in China aiming to increase an
additional 50 million tons of grain production, which gave rise to a further wave of encroachment of
croplands into natural wetlands [62].

As referenced by Mao et al. [54] and Lu et al. [63], agricultural plantation structures and
hydraulic engineering construction are directly or indirectly responsible for the loss and degradation
of natural wetland. From 1990 to 2015, the ratio of paddy fields to dry farmlands changed from 1:7.44
in 1990 to 1:1.44 in 2015, with a rapid expansion of paddy field (Figure 4 and Figure 5). On one hand,
large areas of new expanded paddy field were converted from natural wetlands. Our findings
showed that the area of natural wetlands converted into paddy field was 724.23 km? and 1043.13 km?
in the stages 1990-2000 and 2000-2015, respectively (Figure 6 and Table 6). On the other hand,
irrigation in paddy fields consumed a vast amount of groundwater and surface water, which affected
hydrological processes and threatened the water replenishment source for natural wetland [64].
Furthermore, with the increase in human-made wetland, substantial water sources in natural wetland
are extracted for irrigation to meet the water demand for cultivated land, which undoubtedly
aggravates threats to the existence of natural wetland. A previous study stated that the
implementation of the “Two Rivers and One Lake’ project in Heilongjiang province, which was aimed
at redirecting surface water to complement farmland irrigation, resulted in insufficient water
resources for natural wetlands [65]. This is consistent with our research.

Population change is another common underlying force in natural wetland dynamics. Over the
period 1990-2015, the population of Heilongjiang province in China increased, with rapid growth in
the stage 1990-2000 (Figure 7(a)). Greater demand for grain was triggered by increases in the
population, which promoted crop cultivation and stimulated the alteration of natural wetlands [66].
In contrast, there was a declining population trend in the Primorsky Krai province of Russia (Figure
7(b)). Due to this depopulation trend, reclaimed lands were abandoned and gradually turned into
natural wetlands. Nearly 466 km? of croplands reverted to natural wetlands in the Russian section of
the Wusuli River Bain from 1990 to 2015 (Table 6).
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Figure 7. Population change for the Heilongjiang province of China (a) and the Primorsky Krai
province of Russia (b) from 1990 to 2015.

As the eco-environmental values of natural wetlands have become more widely recognized,
some ecological projects and conservation policies have been introduced to protect and restore them.
Figure 8 illustrates pivotal ecological projects and conservation policies for natural wetland in China
and Russia. It was found that the implementation of wetland protection measures in Russia occurred
more than 60 years earlier than in China. Russia’s accession to the Ramsar Wetland Convention was
17 years earlier than that of China. Compared with China, earlier environmental protection laws,
which included the conservation and rational use of natural wetlands, were promulgated in Russia.
All of these differences allow Russia has more prerequisites for wetland protection than China. This
probably explains why the natural wetlands in the Russian region of the Wusuli River Basin have
gone through a process of gradual restoration and improvement. In the Chinese part of the basin,
although natural wetlands have experienced a loss and fragmentation process, the rate of area
reduction has decreased over time (Table 5). Since the “Chinese wetland protection action plan” was
initiated in 2000, many feasible and effective wetland protection and restoration measures have been
implemented successively, which play a substantial role in natural wetland restoration and
conservation [67]. Our results show that, on the one hand, the area of natural wetland reduced by
cropland encroachment in 2000-2015 was only 25.56% of that in 1990-2000, on the other hand, the
area of natural wetland restored from croplands in 2000-2015 was 1.25 times that in 1990-2000 in
Chinese part of Wusuli River Basin (Table 5). Therefore, it can be inferred that, due to the
implementation of conservation policies and measures, the destruction and disturbance caused by
human activities to natural wetland has been mitigated to some degree in the Chinese region of the
basin.

As mentioned above, agricultural activity has been the most important reason for the loss of
natural wetlands in Wusuli River Basin, especially in the Chinese portion. Different demographic
change trends and wetland protection levels in China and Russia region have also had opposing
effects on wetland existence and restoration.
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4.2. Further Studies Required on Remaining Natural Wetlands

The approach used in this paper provides a practical option for understanding the driving
factors for cross-boundary areas. Combining remotely sensed data with spatial analysis is a tractable,
effective and labor-saving method to determine wetland dynamics and their driving forces in
neighboring countries. However, several further studies also should be carried out for effective
conservation and management remaining natural wetlands.

On the one hand, more precise wetland monitoring data are needed. The resolution of Landsat
TM/OLI images limits the smallest unit of wetland and land cover identifiable from the satellite
images to 0.09 ha. Therefore, the existence and loss of wetlands smaller than 0.09 ha would not be
captured in the study though small wetland patches are more likely to be influenced by human
activities and climate change [36,45].

On the other hand, it should be noted that, although no significant climate change was observed
during the study periods, the impacts of climate change on natural wetland dynamics should receive
on-going attention in the context of global warming. At present, such assessment is in the qualitative
stage. Therefore, more objective and quantitative approaches should be developed, especially for a
long-term sequential research project [68].

4.3. Conservation Suggestions of Cross-Boundary WPA in Wusuli River Basin

Comparative studies across administrative borders or along transects are a promising alternative
for understanding the driving forces associated different national development strategies and eco-
environmental policies on wetland effects, which can help develop effective conservation measures
at a regional or even a global scale. The results from this study on the spatial and temporal change
characteristics, and landscape pattern comparison of natural wetlands for the Chinese and Russian
sections of the Wusuli River Basin (Figure 5, Figure 6, and Table 7) can be taken as a guide for the
formulation and implementation of conservation measure for wetlands in the Wusuli River Basin.

First, the Chinese and Russian governments should establish a bilateral cooperation mechanism
to reinforce wetland ecosystem protection and maintain biodiversity. The managers, conservationists,
and scientists of Russia and China should develop more feasible and effective plans to protect
wetland ecosystems and to limit environmentally damaging human activities.

Second, regarding the Chinese government, more rigorous regulations and laws should be
passed to prohibit people from converting natural wetlands into croplands [69,70]. For the areas in
which natural wetlands have degraded, feasible wetland restoration projects should be implemented.

Third, establishing a wetland monitoring system is indispensable and allows for effective
feedback on all aspects of wetlands. Moreover, adequate attention should be paid to the investigation
and assessment of wetland biodiversity, which is related to the identification of key protected areas.

5. Conclusions

The monitoring and assessment for cross-boundary WPAs is essential to define the wetland
dynamics as well as underpin knowledge-based conservation policies and funding decisions by
bilateral government and managers. In the study, combining a rule-based object-oriented
classification method, landscape metrics, spatial analysis and a Mann-Kendall test, we identified
dynamic changes in natural wetlands and their influencing factors in the Wusuli River Basin from
1990 to 2015. Our results showed that the natural wetlands, as a whole, experienced a loss and
fragmentation process, particularly in the Chinese section. Agricultural encroachment was the
primary contributor to natural wetland degradation. In addition, differences in population trends
and wetland conservation policies in the Chinese and Russian regions had differing effects on their
natural wetland dynamics. The methods and results from this study can help our understanding of
natural wetland changes and their driving forces in a cross-boundary study setting. These
conclusions can be used as a guide for the bilateral government policies to effectively protect and
manage natural wetlands.
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