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Abstract

:

Wetland restoration is important to responding to climate change and ensuring ecological security. In terms of the serious wetland loss and limited wetland restoration in China, there is a need to investigate approaches to identifying potential areas for wetland restoration from cropland, in order to support making spatial decisions at a regional scale. Here, we provide an example of integrating remote sensing (RS) and geographical information systems (GIS) effectively to identify where and how many croplands could be converted into wetlands in the West Songnen Plain (WSNP). The map of potential areas for wetland restoration from croplands generated in this study is expected to help decision makers to implement wetland restoration in the WSNP. Besides the widely highlighted hydrological, topographical, and landscape features, four indicators, namely, flooded area, time under cultivation, human disturbance, and wetland conservation level, were selected to identify the potential areas for wetland restoration—with different priorities—from croplands. Satellite observation revealed that a total of 2753.3 km2 of wetlands have been cultivated into croplands for grain production from 1990 to 2015 in the WSNP. It is estimated that 8882.1 km2 of croplands are suitable for conversion to wetlands, of which 3706 km2 (29.4%) are with high priority, and 44.5% are from dry farmlands. A total of 3284.7 km2 of paddy fields are identified to be potential areas for wetland restoration, of which 1119.6 km2 are high priority, and another 2165.1 km2 are medium priority.
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1. Introduction


Wetlands are valuable to humans due to their notable ecosystem functions and services, such as protecting biodiversity, adjusting hydrology and climate, and providing important habitats, products, and tourism resources [1,2]. Intensive human activities and climate change worldwide, however, have led to extensive wetland loss [3,4,5]. Such losses also have caused pronounced ecological consequences including floods [6], biodiversity loss [7], coastal damage [8], water quality degradation [9], and carbon sequestration decline [10,11]. Therefore, human efforts should respond to these wetland losses and associated negative consequences.



Wetland restoration projects are an important approach to achieving wetland ecosystem conservation and sustainable management [12]. To perform effective wetland restoration, the first necessary step is to identify the potential areas. In past decades, multiple methods and indicators were used to do such work [13]. For example, O’Neill et al. [14] employed a wetness index to develop a conceptual model for identifying restoration sites for riparian wetlands within the Upper Arkansas River basin in Colorado, United States. Huang et al. [15] attempted to select sites for converting cropland to wetland in China’s Sanjiang Plain through the use of indexes for wetness and cropland productivity. Potential restoration areas of freshwater wetlands in the Yellow River Delta in China were identified by assessing habitat suitability [16]. All these studies highlighted the importance of hydrology and terrain conditions for restoring wetlands. However, many other important indicators have not yet been adequately considered in designing a site selection system for wetland restoration. For example, the duration of farming, which relates to the availability of the soil seed bank, is an important indicator of natural wetland restoration [17,18]. Human disturbances and conservation using protected areas should be considered in planning restoration priorities. For example, agricultural activities in the core and experimental zones of nature reserves should be prohibited. Therefore, there is a need to improve the indicator system for scientific decision support to achieve effective wetland restoration.



Previous studies also indicated that remote sensing (RS) and geographic information systems (GIS) were important data sources and tools in supporting spatial decisions for wetland restoration [19,20]. RS can characterize the current situation of the land surface, and also provide historical data contributing to the assessment of restoration suitability [21]. With GIS software, much spatial analysis can be performed, such as overlay and buffer analyses. Therefore, by selecting suitable indicators and designing scientific criteria based on both RS and GIS technologies, identifying potential areas for wetland restoration is feasible.



China developed a national wetland conservation action plan in 2000, which made a set of ambitious goals, including the intention to restore an area of 1.4 × 109 ha [22]. As reported by Mao et al. [21], there were only 1369 km2 of natural wetlands that were restored from cropland over the period from 1990–2010, accounting for 8.7% of the natural wetland loss due to crop cultivation. Northeast China should perform more natural wetland restoration projects, because the proportional area of natural wetlands restored from cropland was much smaller than its contribution to the agricultural encroachment of natural wetlands in the whole of China [21].



The West Songnen Plain (WSNP), located in central Northeast China, is an important geographic region because of its role in protecting biodiversity, providing critical habitat for migrating waterfowls, and regulating regional climate [23]. However, WSNP was also identified as a hotspot area of wetland loss in several studies [24]. Wang et al. [25] revealed that WSNP experienced considerable shrinkage and fragmentation of wetlands from the 1950s to 2008, which can be mostly attributed to agricultural encroachment and a drier climate. In the recent decades, another study [21] also documented that the extensive loss of wetlands over the WSNP was largely related to cropland expansion during 1990–2010. The areal decline in wetlands has caused obvious ecological consequences, such as loss of the habitat of the red-crowned crane and the white crane, and decreased capacity in abating floods. Although the importance of wetlands in the WSNP have been recognized by China’s central and local governments, and wetland restoration projects have been performed in some plots since the 1990s [21], policies for grain production and ecological security are still conflicting factors. In response to these ecological issues, and in the pursuit of a balance between food demand and ecological conservation, we should know how many wetlands there are, and which ones can be restored from croplands in the WSNP. But such information is limited. A spatially explicit map for potential area and priority of wetland restoration for the WSNP is unavailable; this is urgently needed for regional sustainable ecosystem management.



For contributing to scientific wetland restoration and sustainable ecosystem management, this paper aims to determine the potential area for wetland restoration from croplands with different priorities in the WSNP, based on RS and GIS technology. For this purpose, we specifically intend (1) to map the land cover and examine the wetland loss encroached upon by cropland expansion; (2) to document different indicators and their criteria for wetland restoration; (3) and to discuss the advantages of RS and GIS in supporting spatial decisions for wetland restoration and management implications. This study is expected to guide the implementation of restoration projects and provide scientific method instruction for wetland restoration in other regions or on larger scales.




2. Materials and Methods


2.1. Study Area


The West Songnen Plain is located in the central part of Northeast China, extending from 44° N to 48°33’ N and from 121°38’ E to 126°38’ E, and covering 22 counties, with a total area of 1.02 × 105 km2 (Figure 1). The study area is characterized by a temperate, semiarid, continental monsoon climate. Air temperature spatially increases from north to south, with a mean annual value of 3.6 °C when summer is warm and winter is cold. Annual precipitation varies remarkably from 350 to 650 mm, while mean potential evapotranspiration is 1100 mm. Over the past decades, WSNP experienced significant increases in air temperatures and dryness, and decreased precipitation [25]. Changing hydrological regimes affects the wetland systems [25]. WSNP is a typical ecotone between agriculture and pasture in northern China, and is ecologically sensitive to human activities and climate change. Excluding extensive croplands, dominant natural land cover is grasslands and wetlands. Dominant soil types are chernozem, chestnut soil, meadow soil, and aeolian soil [26]. Major rivers, including Songhuajiang, Nenjiang, and Taoerhe, flow through this region, while many lakes and reservoirs, including the largest Chaganhu Lake and Nierji Reservoir, are sparsely distributed in the study area. Large areas of wetlands were thus observed in the study area.



WSNP is recognized as providing important habitats to a large number of migrating waterfowls in the East Asia–Australasian Flyway (EAAF). Accordingly, five natural reserves were designed at the national level, while seven reserves were designed at the provincial level. In addition, three national nature reserves have been listed in the Ramsar Sites of Wetlands with International Importance. Due to significant human disturbances, especially agricultural activities and climate change, the wetlands in this ecologically sensitive region have been damaged to a remarkable degree [25]. Ecological conservation and restoration is thus necessary for biodiversity and ecological security.




2.2. Land Cover Dataset


To aid in generating multiple indicators for wetland restoration and understanding wetland changes across the WSNP, land cover data sets in 1990, 2000, 2005, 2010, and 2015 were obtained. The land cover data sets in the former four dates were extracted from the China National Land Cover Database (ChinaCover), which was developed by the Chinese Academy of Sciences [24,27]. ChinaCover was designed to examine the ecological changes in China based on object-oriented image classification methods and multisource satellite images. This database achieved good classification accuracy, i.e., greater than 88%, and has been widely used [28,29]. For an accurate assessment of wetland loss, we made further visual revisions of these datasets. Based on the Landsat images provided by the U.S. Geological Survey (USGS) and land cover in 2010, a change-detection algorithm and visual interpretation were used to generate the land cover in 2015. In this process, substantial field samples (Figure 1) carried out in 2015, and high-resolution images from Google Earth, were used to improve object recognition. Classification accuracy for the land cover dataset in 2015 was assessed through independent ground surveys, indicating an overall accuracy of 94%.



In this study, the land cover was categorized into seven types, namely, woodland, grassland, wetland, waterbody, cropland, built-up land, and bare land, as shown in Table 1. Particularly, we separated “waterbody” from “wetland” in this study to document the hydrological conditions. “Wetland” in our study refers only to marsh, which is the only wetland type covered by vegetation. “Cropland” is also classified as two types: dry farmlands and paddy fields. In May and June, these two types are easily distinguishable from satellite images due to the use of irrigation in paddy fields.




2.3. Indicators for Wetland Restoration


To identify potential areas for wetland restoration, six indicators were selected. A detailed introduction to these indicators is given below.



2.3.1. Distribution of Wetland Lost to Cropland


In this study, natural land covers such as woodland and grassland would not require extensive restoration. Therefore, we only focused on cropland. Before we perform wetland restoration from cropland, it is necessary to know the location of wetlands lost to cropland. In addition, the duration of farming is also important to natural restoration because it is easier to restore the natural wetland vegetation from the soil seed bank in croplands with a shorter duration of farming [17]. This information could be characterized by the conversions between the land cover in different years. Wang et al. [18] revealed that important wetland vegetation survived cultivation as seeds for 10 years. Therefore, we assigned high restoration priority to the croplands cultivated from wetlands during the periods 2010–2015 and 2005–2010, and medium priority to the croplands cultivated from wetlands during periods 2000–2005 and 1990–2000.




2.3.2. Hydrological Condition and Flood Monitoring


Hydrological conditions are the most important for wetland restoration [15]. Based on the land cover dataset, we extracted the waterbody in 2015 to characterize the current hydrological conditions. Over the past decades, two of the largest floods occurred in 1998 and 2013, which had a serious influence on socioeconomic development. Mapping flooded areas can reflect both the potential hydrological connectivity and suitable terrain condition for wetland restoration. In this study, object-oriented image analysis and the decision rule designed from the normalized differential water index (NDWI) and brightness were used to map the flooded areas in 1998 and 2013. Because the flooded area in 1998 is larger than that of 2013 in the WSNP, we assumed that the areas within a 300-m distance from the waterbodies and the flooded area in 2013 had a high priority for conversion, while the other flooded areas in 1998 were of medium priority.




2.3.3. Topographic Condition


Wetland restoration cannot ignore the impact of topographic conditions [23]. The land slope over the study area was generated by a digital elevation model (DEM) with a spatial resolution of 30 m from USGS (www.usgs.gov/). The land with larger slopes is limited in water and soil retention [15]. Based on the flooded areas in 1998 and 2013, we excluded croplands over areas with a slope greater than 15° for wetland restoration.




2.3.4. Human Disturbance


Humans have imposed great threats to wetland ecosystems [30]. Therefore, wetland restoration should minimize potential human disturbances. In this study, a buffer of 500 m around the boundary of built-up land was used to exclude unsuitable areas.




2.3.5. Landscape Features


Landscape features are an important indicator of potential areas for wetland restoration because small patches of cropland are more suitable for conversion into wetlands than large patches. In this study, high priority for wetland restoration was assigned to isolated croplands with an area smaller than 5 ha.




2.3.6. Ecological Conservation


China has constructed more than 600 wetland nature reserves to protect existing wetlands [21]. Previous studies revealed that the effectiveness of the wetland protected areas in Northeast China should be improved [31,32]. Based on the designing rules for wetland nature reserves, there should be no agricultural cultivation in the core and buffer zones of such reserves. Therefore, the croplands in the core and buffer zones of wetland nature reserves were assigned as high priority for restoration, while croplands in experimental zones were of medium priority.





2.4. Approach for Identifying Potential Areas for Wetland Restoration


The potential areas for wetland restoration from cropland were identified by overlaying these six dataset layers using the ArcGIS 10.1 software. We focused on the regions with high and medium priorities for wetland restoration from croplands. First, the flooded croplands, croplands converted from wetlands during 1990–2015, and croplands in the protected areas were merged into a dataset layer. Second, the croplands meeting hydrological conditions were clipped from the dataset layer. Third, some croplands were excluded based on the terrain and human disturbance indicators. Fourth, the remaining croplands were separated into potential areas for wetland restoration with high and medium priorities, based on the stated criteria. Finally, we mapped and summarized the potential areas for wetland restoration from croplands. The GIS-based model for wetland restoration is described in Figure 2.





3. Results


3.1. Landscape Pattern and Composition in 2015


Figure 3 documents the spatial pattern of landscape over the WSNP in 2015. Cropland is the dominant landscape type. The area of croplands in the WSNP was estimated to be 64,497.0 km2, accounting for 63.6% of the study area. Grasslands were extensively observed in the central part, and had the second largest area, 10,109.7 km2 or 10% of the WSNP. Wetlands and waterbodies totally covered 15% of the study area, were mostly identified in the northern part, and were estimated to be 9642.8 km2 and 5623.6 km2, respectively. The largest wetland patch, with an area of 2009.1 km2, was observed in the Zhalong Ramsar site. Small areas of woodlands (4151.3 km2) were observed in the WSNP. Built-up and barren lands were widely distributed in the study area, with a total area of 4935.7 (4.9%) and 2453.3 km2 (2.4%), respectively.




3.2. Wetlands Loss Encroached by Cropland Expansion


For determining the amount and location of historical wetlands lost to cropland expansion, the data layers of croplands and wetlands were overlaid. The intersected results revealed that extensive wetlands were converted into croplands during the observed four periods: 2010–2015, 2005–2010, 2000–2005, and 1990–2000 (Figure 4 and Table 2). Isolated and scattered wetlands were encroached upon by cropland expansion during the last two periods of 2010–2015 and 2005–2010, while the wetlands converted into croplands were dominant in southern WSNP during 2000–2005 and in northern WSNP during 1990–2000. Wetlands close to rivers were more likely to be cultivated.



From 1990 to 2015, there were a total of 2753.3 km2 of wetlands converted into croplands. The largest reclamation rate (130.5 km2·yr−1) was identified in the period 2000–2005, and a declined conversion from wetland to cropland was revealed during the past decade. Additionally, there was a decreasing ratio of cropland cultivation-induced wetland loss to the total wetland loss over the WSNP (Table 2). Cropland cultivation contributed to 74.2% of the wetland loss during the period 1990–2000, but only 23.5% during the period 2010–2015.




3.3. Spatial Explicit Information of Wetland Restoration Indicators


Understanding current hydrological conditions is required for making decisions for wetland restoration. Our analysis indicated good hydrological conditions due to extensive waterbodies in the WSNP, despite the semiarid climate that predominates in the study area (Figure 5A). An overlay between a buffer of 300 m from waterbody and cropland in 2015 revealed that 5923.2 km2 of croplands had good hydrological conditions for wetland restoration. In addition, satellite images documented that the two floods in the WSNP mapped in Figure 5B inundated a large area of land including croplands. Out results indicated that the flooded area in 1998 covered 9347.9 km2 of cropland in 2015, while that of 2013 covered 3583.6 km2.



A slope analysis indicated that 1090.2 km2 of croplands were located in areas with a slope value larger than 15°. These croplands were excluded from the potential areas for wetland restoration. Additionally, there were a total of 263.2 km2 of isolated croplands with an area smaller than 5 ha. Where they meet the stated above criteria, these isolated croplands were assigned to be with high priority for wetland restoration.



Obvious potential for human disturbances, especially from agricultural activities, were identified for the wetlands in the national wetland nature reserves. As shown in Table 3, there were still many croplands distributed in the core and buffer zones which should have been prohibited. Specifically, the Momoge nature reserve had the most croplands, with an area of 845.9 km2, accounting for 57.1% of the total area of reserve. The Dabusu nature reserve had the smallest area of cropland (32.6 km2), accounting for 29.2% of the total area. If they met the stated hydrological and terrain criteria, the croplands in these core and buffer zones of nature reserves were assigned as high priority for wetland restoration, while croplands in experimental zones were assigned medium priority.




3.4. Pattern in Potential Areas for Wetland Restoration


After the overlay analysis of these indicators for wetland restoration, the distribution of potential areas for restoration with different priorities were identified. As shown in Figure 6, the potential areas with high priority for restoration are mostly observed along the Nenjiang and Songhuajiang Rivers. Potential areas with medium priority for wetland restoration are mainly concentrated along the Nenjiang, Songhuajiang, and Taoerhe Rivers, and scattered in the southern WSNP.



Table 4 reports potential areas for wetland restoration from cropland with different priorities. As we estimated, 12,588.1 km2 of croplands are suitable for conversion to wetlands, of which 3706 km2 (29.4%) are of high priority, and 8882.1 km2 (70.6%) are of medium priority. There are 5597.4 km2 of dry farmlands identified as potential areas for wetland restoration, of which 46.2% (2586.4 km2) are of high priority. A total of 3284.7 km2 of paddy fields are identified as potential areas for wetland restoration, of which 1119.6 km2 are of high priority, and another 2165.1 km2 are of medium priority.





4. Discussion


4.1. Indicators for Wetland Restoration


China lost a large amount of wetland, which caused serious ecological consequences over the past decades [24,25,26,27,28,29,30,31,32,33,34]. The dominant factor driving China’s wetland loss has been identified as agricultural cultivation [21]. In response to wetland degradation and negative ecological consequences, China has made ambitious aims to restore more wetlands. Therefore, scientific spatial decisions are critical to achieving more wetland restoration from croplands. Identifying where croplands can be converted to wetlands is the primary and most important step.



Many publications have been made to investigate potential areas for wetland restoration. For example, O’Neill et al. [14] developed a conceptual model in terms of a wetness index to identify sites for riparian wetland restoration over the upper Arkansas River basin in United States. However, the wetness index is a topographically derived parameter, which is limited due to digital elevation model (DEM) resolution. A single index is inadequate to identify potential sites for wetland restoration. Furthermore, a wetness index and cropland productivity were integrated by Huang et al. [15] to identify potential sites for wetland restoration from croplands in China’s Sanjiang Plain. However, the net primary productivity (NPP) product used in their study should not be equal to grain production. Furthermore, these two studies have not considered the disturbance from human activities. White and Fennessy [35] designed a GIS-based model to simulate the suitability of wetland restoration potential at a watershed scale by selecting criteria from hydrological regime, vegetation and soil characters, topography, and so on. Hua et al. [16] also established an eco-hydrological approach to identify potential restoration areas. Both studies greatly improved the indicator system for wetland restoration suitability. The cultivation period of wetlands and wetland conservation levels, which are important to wetland restoration, were not used as indicators for wetland restoration with different priorities. Therefore, a comprehensive indictor system is necessary for wetland restoration. Soil drainage has been considered by Horvath et al. [13] to identify potential areas for restoration. In our study area, we argue that all croplands are suitable from the perspective of soil property.



In this study, six indicators were integrated to identify the potential areas for converting cropland into wetland. Wetlands play an important role in flood abatement; however, WSNP still experienced serious flood disasters in the past decades. Therefore, it is important to categorize the flooded cropland as potential areas for wetland restoration with priority. Previous studies also highlighted the importance of time under cultivation in converting croplands into wetlands in terms of maximizing the effectiveness of the soil seed bank [18,36]. Besides the hydrological and terrain conditions and landscape features, we incorporated the flooded area, cultivation period of wetlands, human disturbance, and wetland protection into the criteria. In our opinion, multiple indicators largely improved the feasibility in identifying the potential areas for performing wetland restoration in the WSNP.




4.2. Advantages of RS and GIS in Supporting Wetland Restoration


The advantages of RS and GIS in wetland ecosystem management have been confirmed in previous studies. For example, large numbers of studies have been conducted based on RS and GIS to investigate the conversions between wetland and cropland [21,25]. RS provides important data, covering a broad spatial extent and a long time series, while GIS has been widely used to develop data analysis and mapping [23,37]. Making spatial decisions is critical to wetland restoration at a regional scale [13]. In this study, we quantitatively documented the potential areas for converting cropland to wetland by integrating RS and GIS technologies. Landsat images provide a critical data source for examination of conversions from wetland to cropland during historical periods, investigations the flooded extent, discrimination among the hydrological conditions, and identification of human disturbance. GIS provides an important approach to achieving buffer and overlay analyses. The object-oriented image classification method played an important role in obtaining the land cover for the WSNP, and has been proven to be more accurate and robust than the traditional, pixel-based method [38]. Compared to analyses on raster data, the present study carried out analyses directly on the vector data, which minimized the error from raster data analyses due to coarse resolution.



It was estimated that global wetlands lost more than 50% of their area during the past decades [4,5]. In China, 15,765 km2 of wetlands were lost to cropland expansion during 1990–2010, but only 1369 km2 were returned based on the RS and GIS [21]. Therefore, identifying potential areas for restoring wetlands on a national scale is necessary, based on both RS and GIS. The method used in this study can provide effective examples for achieving such identification, because all the input data could be obtained for the whole country. However, Landsat images with a spatial resolution of 30 m were used to classify the land cover in this study, which may limit the ability to identify the contribution of streams in wetland restoration. Although indicators of flooded areas minimized this effect, high-resolution images are necessary for planning wetland restoration on a small scale and for future studies. New technology, such as unmanned aerial vehicles, is available for rapidly acquiring the current features of the land surface [39].




4.3. Management Implications for Regional Sustainability


In this study, we focused on wetland restoration only from cropland. It is necessary to balance the demand between food production and ecological conservation [40,41]. Scientific wetland restoration is beneficial for addressing ecological issues in the WSNP. Meanwhile, in response to regional ecological security and the pressure of agriculture on water resources, WSNP must develop sustainable plans to stop additional cropland expansion. Although WSNP is located in a semiarid zone of China, WSNP is one of the three important lake-distributed areas in the country [42]. Reducing flood disaster and making efficient use of flood water are important to regional ecosystem management and sustainable development. Restoring additional wetlands, especially along rivers, is the key to addressing this ecological problem. WSNP should return more wetlands from croplands instead of constructing more dams. As noted, large areas of croplands still exist in nature reserves, even in the core and buffer zones of the Ramsar sites. Agricultural activities imposed remarkable threats to the wetland ecosystem and caused negative consequences, including decreased wildlife habitat suitability, polluted water, and other weakened ecosystem services [10,21]. Therefore, managers should pay additional attention to the return of croplands to natural ecosystems in order to improve the ecological effectiveness of nature reserves. Before anthropogenic restoration, abandoning cultivation on croplands with restoration priority is the first important step. Local governments should play more dominant roles in this process, such as providing grain subsidies to those that participate in restoration activities, and creating more employment for farmers.



Although we estimated that 3706 km2 of croplands were of high priority for restoration to wetlands, and 5176.1 km2 were of medium priority, the final implementation of wetland restoration projects may need to consider additional factors, such as cost, land ownership, etc. Combing our map, field investigation is still necessary for designing specific wetland restoration projects. Besides scientific planning for restoring wetlands in suitable regions, effective implementation of wetland restoration should also require more integrated knowledge related to wetland ecosystem functions and services [43]. Except for recognizing where wetlands can be reconstructed, we should maximize the function and service of the restored wetland ecosystem. For example, most of the restored wetlands in the flooded area are expected to regulate floods, conserve water resources, and provide more wildlife habitats. The restored wetlands in the nature reserves are primarily expected to protect biodiversity and improve carbon sequestration. Restored wetlands in areas that serve as drinking water sources could contribute to purifying and protecting water quality. Additionally, wetland creation may be needed in specific regions for protecting or repairing the environment, which should be fully studied in future. Therefore, place-based strategies and implementation plans for wetland restoration and creation are still needed. Additionally, RS and GIS should also be used to assess the effectiveness of wetland restoration and creation projects [44].





5. Conclusions


The integration of RS data and GIS analysis has enabled the investigation of potential for the conversion of croplands into wetlands. We identified the landscape patterns in WSNP, and the wetlands cultivated into croplands during the different periods from 1990 to 2015. Furthermore, besides the current hydrological, topographical, and landscape features, flooded area, time under cultivation, human disturbance, and wetland conservation levels were selected to identify the potential areas for wetland restoration from croplands with different priorities. Results revealed that a total of 2753.3 km2 of wetlands were cultivated into cropland for grain production from 1990 to 2015. Additionally, 8882.1 km2 of croplands are suitable for conversion to wetlands, of which 3706 km2 (29.4%) are of high priority. Our study documents that the combination of RS and GIS is a quick and effective approach to identifying potential areas for wetland restoration from croplands. The method used in our study could provide a reference for the identification of potential areas for the conversion of cropland to wetland in other regions. The map of potential areas for wetland restoration from croplands generated in this study is also expected to help decision makers to implement wetland restoration in the WSNP.
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Figure 1. Geographic situation of the West Songnen Plain. 
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Figure 2. Frame model for identifying potential areas for wetland restoration. 
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Figure 3. Spatial distribution and composition of land cover in 2015. 
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Figure 4. Distribution of wetlands lost to croplands in West Songnen Plain: (A) 2010–2015; (B) 2005–2010; (C) 2000–2005; (D) 1990–2000. 
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Figure 5. Spatial pattern of indicators for wetland restoration: (A) hydrological condition in 2015; (B) flooded area in 1998 and 2013; (C) land slope; (D) human disturbance; (E) isolated cropland; (F) protected area. 
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Figure 6. Spatial pattern of potential areas for wetland restoration from cropland. 
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Table 1. Land cover categories in West Songnen Plain and image features.
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	Category
	Description
	Image Example
	Photo Example





	Woodland
	Woody vegetation
	 [image: Sustainability 10 02375 i001]
	 [image: Sustainability 10 02375 i002]



	Grassland
	Herbaceous vegetation with dry soil
	 [image: Sustainability 10 02375 i003]
	 [image: Sustainability 10 02375 i004]



	Wetland
	Herbaceous vegetation with water saturation in soil
	 [image: Sustainability 10 02375 i005]
	 [image: Sustainability 10 02375 i006]



	Waterbody
	Open surface water
	 [image: Sustainability 10 02375 i007]
	 [image: Sustainability 10 02375 i008]



	Cropland
	Artificial vegetation with obvious phenology, harvested
	 [image: Sustainability 10 02375 i009]
	 [image: Sustainability 10 02375 i010]



	Built-up land
	Artificial bare surface
	 [image: Sustainability 10 02375 i011]
	 [image: Sustainability 10 02375 i012]



	Bare land
	Natural bare surface
	 [image: Sustainability 10 02375 i013]
	 [image: Sustainability 10 02375 i014]
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Table 2. Wetland loss to cropland during different periods.
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	Wetlands Lost to Crop Cultivation
	2010–2015
	2005–2010
	2000–2005
	1990–2000





	Area (km2)
	444.3
	541.5
	652.5
	1115.0



	Contribution of crop cultivation in wetland loss (%)
	23.5
	27.1
	32.6
	74.2
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Table 3. Cropland area in the national wetland nature reserves.
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	Reserve Name
	Core Zone (km2)
	Buffer Zone (km2)
	Experimental Zone (km2)
	Total





	Zhalong
	45.2
	80.2
	225.1
	350.5



	Xianghai
	129.5
	56.5
	288.5
	474.5



	Momoge
	259.8
	292.5
	293.6
	845.9



	Chaganhu
	6.5
	18.4
	38.8
	63.7



	Dabusu
	0.6
	7.1
	24.9
	32.6



	Total
	441.6
	454.7
	870.9
	1767.2
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Table 4. Area in potential areas for wetland restoration from cropland with different priorities.
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Area (km2)

	
High Priority

	
Medium Priority

	
Total






	
Dry farmland

	
2586.4

	
3706.0

	
3011.0

	
5176.1

	
5597.4

	
8882.1




	
Paddy field

	
1119.6

	
2165.1

	
3284.7
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