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Abstract

:

Understanding the historical change of agricultural landscape patterns is the basis for promoting the sustainable development of cultivated land, as well as appropriate decision-making. In order to analyze spatio-temporal changes of cultivated land in Sanjiang Plain, from 1985–2015, Landsat Thematic Mapper (TM) and Operational Land Imager (OLI) were used to reconstruct satellite data of land use and land cover. Additionally, twelve landscape indices were selected to analyze landscape pattern changes and to compare the differences of cultivated landscape changes between the agricultural region and the reclamation region. Studies suggested that during the past 30 years, cultivated land in the study area grew rapidly, with a rapid growth of paddy fields and a slow reduction of dry farmland. This trend was more obvious in the reclamation region than it was in the agricultural region, where both dry farmland and paddy fields showed a growth trend in the past 30 years. Our study showed that paddies have become the dominant agricultural landscape and that fragmentation of paddy fields has decreased, while dry farmland has increased over the past 30 years, within the entire study area. Different management modes have caused major differences between the agricultural region and the reclamation region.
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1. Introduction


As an important part and a major cause of global environmental change [1], land use and cover change (LUCC) has been an important research subject for world environmental change and sustainable development. LUCC can affect water cycling [2,3], regional climate [4,5], food production [6,7], and greenhouse gas emissions [8,9]. The Global Land Project (GLP), which was sponsored by the International Geosphere-Biosphere Programme (IGBP) and the International Human Dimensions Programme (IHDP), began in 2005, and emphasized the integration and simulation of the coupled human-environment system [10,11]. LUCC is driven by multi-scale driving forces [10,12], such as the global economy, international policies, climate change, and regional soil properties. Therefore, assessing land-system dynamics requires a focus on the interactions between different drivers and policy shifts that often lead to emergent properties and nonlinear outcomes [13]. The GLP also emphasized the impact of different management modes and policies on LUCC in studying its driving forces [11,14].



Agriculture plays a vital role in regulating climate change and ensuring food security [6]. As an important mode of land use, information on cultivated land distribution and change is of critical importance for assessing food security [7,15], as well as greenhouse gas emissions [8,16]. This is especially apparent in China, which is challenged to feed around 20% of the world’s population with less than 7% of the world’s cultivated land [17]. Agricultural landscapes are mosaics of physical and human-managed patches that vary in size, shape, and arrangement [18]. Agricultural landscape pattern is the spatial representation of agricultural ecosystems, which directly affect the stability, vulnerability, and production functions of agricultural ecosystems [6,8]. In return, changes in ecological processes may result in the variation of landscape spatial patterns [19]. Quantitatively assessing the historical change of land use and landscape patterns is necessary for understanding the evolution of cultivated land. In order to realize the sustainable development of agriculture in the future, the assessment of agricultural landscape changes can also provide scientific information for policy-makers.



Substantial evidence shows that Earth has warmed since the middle of the 19th century [20,21,22,23], and carbon dioxide (CO2) levels in the atmosphere have increased significantly [21]. Over the next few decades, some of the most profound and direct impacts of climate change will be on agricultural and food systems [22], and these impacts are more obvious at high and mid-latitudes [23]. One method to respond to global climate change is through the adjustment of planting patterns of cultivated land [24]. In Northeast China, which is located at mid-high latitudes, climate change has led to the northward expansion of cropping areas, especially paddy fields [25]. Understanding the cultivated landscape change in Northeast China is of great significance for regional food security and regional sustainable development [26,27].



In China, there is a special organization called the reclamation region which includes state-owned farm areas with detailed land planning. The reclamation region has developed into a social system with 1785 state-owned farms, a population of 13.22 million, 6.61 million hectares of arable land (about 5% of the national arable land), and many business enterprises. The property rights system of the reclamation region is quite different from the agricultural region, where the cultivated land is claimed by farmers freely [28,29,30]. In the agricultural region, the farmland is collectively owned and farmers control the land use, management, and benefit rights. All the cultivated land in the reclamation area is state-owned, but the farm governors own the land-use rights and can transfer land management rights to other farmers or farm workers. Farm workers manage the land under the government of farm governors. Due to different property rights systems, the two regions operate different management modes. The operation in the reclamation region is based on an enterprise mode, where farm governors decide the crop types and species, and farm workers obey these decisions to plant crops. By adjusting the planting structure, the reclamation area makes planned production decisions to meet the country’s food needs and achieve balance between food supply and demand in the market. In the agricultural region, a household responsibility system is operated where farmers decide the crop types and species freely based on changes in the market. Several studies have compared the differences between these two regions from different aspects, such as comprehensive benefits [28], farmers’ management behaviors [29], and settlement systems [30]. Few studies have paid attention to the comparison of LUCC and the evolution of cultivated land. Du et al. chose two time intervals (2000 and 2013) to compare the differences of cultivated landscape pattern change due to the rice paddy expansion between the agricultural region and the reclamation region [24]. In general, the comparison of LUCC and landscape change in the two different regions is still lacking, especially on a long time scale. The comparison of cultivated landscape changes in these two regions helps in establishing an understanding of the impact of different management regimes on landscape changes.



Sanjiang Plain, which is located in Northeast China, includes the largest freshwater marshy wetland in China and is an important commodity grain base of China. Large-scale reclamation has occurred in Sanjiang Plain since the 1950s, turning Sanjiang Plain from the “Northern Wilderness” to the “Northern Granary.” Many studies have looked at spatio-temporal changes of cultivated land in some portions of the Sanjiang Plain or over the whole region [24,25,26,27], but these studies did not separate dry farmland from paddy fields. To fully understand the evolution of cultivated land, a study of landscape changes across different farmlands is needed [22,23]. Fujin City is located in the hinterland of Sanjiang Plain, existing in both the agricultural region and the reclamation region [28,29,30]. Cultivated land increased gradually since the 1950s and paddy fields began to be planted after 1976, leading to an increased change in land use pattern. The land use pattern of Fujin is a microcosm of the entire Sanjiang Plain. The objectives of this study are: (1) to analyze the spatio-temporal changes of cultivated land in the study area; (2) to characterize the LUCC characteristics and compare the spatial pattern of the main LUCC progress between the agricultural region and the reclamation region; and (3) to compare the cultivated landscape changes under different management modes by landscape pattern indices from three aspects (space configuration characteristics, patch characteristics, and fragmentation characteristics). Our study aims to discover the impact of different management modes on the agricultural landscape, and provide a scientific basis for cultivated landscape planning as well as sustainable development of land resources in Sanjiang Plain.




2. Materials and Methods


2.1. Geographical Setting


This work was conducted in the Sanjiang Plain, mainly in Fujin City (46°45′15″–47°37′25″ N, 131°25′33″–133°26′58″ E). Fujin is located in the north of Heilongjiang Province, covering an area of 8227 km2. The agricultural region (about 4907 km2) encompasses 11 towns and 266 villages while the reclamation region (about 3320 km2) includes three state farms and part of the Hongxinglong farm. Fujin (Figure 1) is located on an alluvial plain deposited by several major rivers (the Naoli River, the Qixing River, and the Songhua River). The average annual precipitation is about 547.8 mm. The average annual temperature is 21.2 °C and the warmest month is July, with a maximum average temperature of 27.6 °C, while the minimum average temperature is −19.3 °C in January. Fujin is rich in surface water as well as transportation networks. In recent years, Fujin accelerated the transformation of low-yielding fields and promoted contiguous high standard grain construction, leading to profound changes of land use patterns.




2.2. Data Source


Based on previous studies about LUCC, we developed the land use and land cover data in the study area at five time nodes: 1986, 1995, 2000, 2005, and 2010. Landsat Thematic Mapper (TM) images were used to produce the maps in 1986, 1995, 2000, 2005, and 2010. Landsat Operational Land Image (OLI) images were used to update the data to 2015. The entire interpretation accuracy was no less than 95%, through the verification and correction by field sampling and historical records, including aerial photos, as well as statistical yearbooks.




2.3. Classification System


In order to analyze the LUCC of cultivated land, the study area was classified into eight categories: paddy field, dry farmland, forest land, grassland, water bodies (including rivers, lakes, and ponds), settlement (urban and rural construction), wetland (marshland and bottomland), and other unused land (including sandy land, salina, bare soil, and bare rock).




2.4. Data Analyses


2.4.1. Spatio-Temporal Changes of Cultivated Land


A transition probabilities matrix for LUCC was used to analyze the dynamic change between different land use types in two periods. It was calculated by:


     P  i j  t   = (   S  i j  t   /   S i t   ) × 100 % ,   



(1)




where     P  i j  t     is the transition probability for land use from category i to j during the study period; i and j are the land use types;     S  i j  t     is the conversion area from category i to j during the time interval t and t + 1;     S i t     is the area of type i at time t. Equation (1) helps us to understand the transitions between land use types. However, it does not permit comparison of the land use intensities associated with different land use types, because different land use types occupied different fractions of the whole study area. In this situation, we also used transition probability Pij (Equation (2)) as a supplement.


     P  i j    = (   S  i j  t   /   S T   ) × 100 % ,   



(2)




where ST is the total area. In order to obtain spatial distribution, we split the whole study area into 72 columns and 53 rows of cells that were 2 km on each side, and calculated the spatial distribution of Pij of cultivated land in each grid using ArcGIS software (ArcGIS, 10.2, Esri, Redlands, CA, USA) and Application Markup language (AML). To our knowledge, this work is the first to spatialize the transition probability index (Pij) in order to analyze land use and land cover changes.




2.4.2. Landscape Change


Fragstats software (Fragstats, 4.2, Oregon State University: Corvallis, OR, USA) was used, according to previous studies [31,32,33,34,35,36,37], and twelve indices were selected to analyze landscape patterns. The mean area (AREA_MN), largest patch index (LPI), patch density (PD), and connect index (CONNECT) were used to analyze the dynamic change of space configuration characteristic. Patch character was analyzed by percentage of landscape (PLAND), edge density (ED), landscape shape index (LSI), and the mean shape (SHAPE_MN). We used the patch cohesion index (COHESION), landscape division index (DIVISION), splitting index (SPLIT), and aggregation index (AI) to analyze the fragmentation character. Detailed descriptions of these twelve indices that comprise the landscape metrics of this study are shown in Table 1 [38].






3. Results


3.1. Spatio-Temporal Changes of Cultivated Land


The land use/cover of the study area and the percentages of paddy and dry farmland to cultivated land during the time intervals changed significantly as shown in Table 2 and Figure 2. Statistical data shows that cultivated land area increased from 4630.21 km2 to 6783.21 km2 during 1986–2015 in Fujin, where the percentage of paddy field increased from 2.58% to 52.75%. Paddy area increased by 3458.78 km2, while dry farmland area decreased by 1305.77 km2 in Fujin. Paddy area, as well as its percentage to cultivated land, grew linearly from 1986 to 2015, with a slight decrease during 2000–2005 in Fujin. The area of dry farmland presented a raising curve with fluctuations from 1986 to 2005, while it decreased sharply from 2005 to 2015. The percentage of dry farmland to arable land decreased linearly from 1986 to 2015, with a slight increase during 2000–2005 in Fujin. The growth rate of cultivated land area in the reclamation region (about 27.38%) was much lower than that in the agricultural region (about 61.47%) during the study periods. The area of paddy fields expanded rapidly both in the agricultural region (1282.63km2) and the reclamation region (2176.14 km2), with a small decline during 2000–2005. The ratio of paddy field in cultivated land increased from 2.96% to 86.33% in the reclamation region, while it increased from 2.28% to 32% in the agricultural region. The area of dry farmland decreased both in the agricultural region and the reclamation region during the study periods, with a small growth during 2000–2005. The decline of dry farmland in the reclamation region (about 83.38%) was more severe than that in the agricultural region (about 12.36%) in the last 30 years.



Transition probability matrices (Table 3) were used to analyze the dynamic change of paddy fields and dry farmland. Through the analysis of LUCC, we found that the main land change types in the study area, over the past 30 years, were the transition from dry farmland to paddy fields, and from wetland to cultivated land (dry farmland and paddy). Statistical results indicate that paddy fields expanded rapidly at the expense of dry farmland and wetland from 1986 to 2015. In all regions, 59.22% of dry farmland converted to paddy fields while 24.1% and 47.7% of wetland transferred to paddy fields and dry farmland, respectively. In the agricultural region, 35.94% of dry farmland converted to paddy fields while the percentage was 88.84% in the reclamation region. In the agricultural region, wetland mostly converted to dry farmland (58.38%) and only 16.37% transferred to paddy fields. On the contrary, wetland in the reclamation region mainly transferred to paddy fields (41.08%). In order to describe the three main LUCC types more intuitively, we calculated the spatial distribution of Pij and classified them into four categories (Figure 3). From Figure 3, we can observe that the transition from dry farmland to paddy fields mostly occurred in the reclamation region, while the transition from wetland to dry farmland mostly occurred in the agricultural region during the past 30 years and conversion from wetland to paddy fields was more dramatic in the reclamation region than in the agricultural region.




3.2. Landscape Pattern Change Analysis


3.2.1. Space Configuration Characteristic Analysis


Four indices (AREA_MN, LPI, PD, CONNECT) were selected to describe the space configuration characteristics of cultivated land during the time intervals (Table 4). In all regions, the mean patch area of both paddy fields and dry farmland decreased from 1986 to 1995 while the total area (Table 2) increased, which means that more crop patches were reclaimed but not formed at a certain scale during 1986 to 1995. The largest patch index (LPI) of paddy increased rapidly by 22.34% from 1986 to 2015, while the LPI of dry farmland showed a downward trend overall. This indicates that paddy fields became the dominant landscape in the agricultural landscape. The PD of paddy fields increased from 1.23 (10−2/km2) to 9.93 (10−2/km2) during 1986–2000 and then decreased to 3.31 (10−2/km2) in 2015. The growth was mainly caused by the reclamation of paddy fields while the decline was due to larger patch sizes. The CONNECT of paddy fields shows growth trend while the dry farmland showed the opposite trend. The CONNECT of paddy fields exceeds dry farmland since 2010, which means that paddy fields formed a certain scale while dry farmland was split by other land use types gradually.



In the agricultural region, the AREA_MN, LPI, PD, and CONNECT of dry farmland land in 1986 are much larger than paddy fields, and the ratio is 15.99:1, 176.31:1, 2.73:1, and 1.19:1, respectively, which indicates that dry farmland was dominant in the cultivated landscape at that time. Overall, the ratios of AREA_MN, LPI, and PD become smaller over the study period; 2.86:1 (AREA_MN), 4.16:1 (LPI), and 0.75:1 (PD) in 2015, respectively. The CONNECT ratio in 2015 (1.73:1) is larger than that in 1986. The changes of these metrics indicate that dry farmland is still the main cultivated landscape in the agricultural region, but its advantage are not as obvious as before.



In the reclamation region, AREA_MN, LPI, and PD of paddy fields show a declining trend while CONNECT displays a rapid growth trend. Overall, the same indices for dry farmland show the opposite trend. The CONNECT of dry farmland decreases from 3.90% in 1986 to 0.42% in 2015. This shows that dry farmland had been replaced by paddy fields as the dominant cultivated landscape in the past 30 years.




3.2.2. Patch Character Change Analysis


Patch character changes were analyzed by PLAND, ED, LSI, and SHAPE_MN (Table 5). In all regions, PLAND of paddy fields presents a linear increase from 1.44% in 1986 to 43.26% in 2015. Conversely, PLAND of dry farmland declines by 15.79%. ED of paddy fields shows an increasing trend while ED of dry farmland first increased from 1986 to 2000 and then declined from 2000 to 2015. LSI decreases after an initial increase. The changes of ED and LSI indicate that paddy fields gradually became the dominant landscape instead of dry farmland. The changes of SHAPE_MN indicate that the patch shape of paddy fields became more irregular while dry farmland became more regular.



In the agricultural region, the PLAND of paddy increases from 1.13% in 1986 to 25.8008% in 2015 while the PLAND of dry farmland increased from 49.07% in 1986 to 55.30% in 2015, with the peak in2005 (63.64%), which indicates that though paddy increased more quickly than dry farmland, dry farmland was still the main cultivated land in the agricultural region. Both ED and LSI of paddy fields and dry farmland show upward trends, indicating that both patch number and area were increased.



In the reclamation region, there was a substantial increase in paddy field scale while dry farmland scale reduced significantly (the PLAND index increases from 1.96% to 72.03% in paddy fields while it declines from 63.55% to 11.49% in dry farmland). Through the comparison of the SHAPE_MN indexes, we found that the patch shape of cultivated land in the reclamation region was more regular than in the agricultural region.




3.2.3. Fragmentation Character Analysis


The dynamic of fragmentation character was analyzed by COHESION, DIVISION, SPLIT, and AI indexes (Table 6). From 1986 to 2015, the decline of DIVISION of paddy fields indicates that the number of patches of other land use types among paddy field patches decreased in all regions. The decline of SPLIT indicates that the distance between paddy field patches decreased. The changes of COHESION and AI show that the small-scale reclamation caused the aggregation of paddy fields to decrease from 1986 to 1995 and the large-scale reclamation caused the aggregation to increase. The fragmentation of paddy fields declined from 1995 to 2015 after a growth from 1986 to 1995. The change of dry farmland was not as regular as paddy fields, which had a great relationship with the “dry farmland to paddy” activity [31]. Although with several fluctuations, the general trend is that DIVISION and SPLIT increase while the COHESION and AI decline, indicating that the number of patches of other land use types among dry farmland patches, as well as the distance between dry farmland patches, increased during the whole study period in Fujin city. Overall, the fragmentation of paddy fields decreased while the fragmentation of dry farmland increased in the whole study area in recent 30 years.



The changes in paddy fields in two regions (the agricultural region and the reclamation region) were consistent with the trend in all regions. The difference was that the change of paddy fields in the reclamation region was more intense. The change rates of COHESION, DIVISION, SPLIT, and AI indexes are 1.62%, −1.69%, −99.94%, and 1.68%, respectively, in the agricultural region, while they are 2.10%, −33.65%, −99.98%, and 2.49%, respectively, in the reclamation region. However, the fragmentation character of dry farmland shows the opposite trend. Landscape fragmentation of dry farmland was serious in the reclamation region while it lightened in the agricultural region. This phenomenon is mainly due to a larger percentage of dry farmland that was transformed into paddy fields in the reclamation region than in the agricultural region in the whole study period. In general, the fragmentation of paddy fields in the reclamation region was lighter in the agricultural region.



Our study indicates that patch shape of paddy fields became more irregular, while dry farmland became more regular and paddy fields became the dominated agricultural landscape instead of dry farmland in the past 30 years both in the agricultural region and the reclamation region. Because of different management modes, great differences exist in these two regions: paddy fields became the dominated cultivated landscape more rapidly in the reclamation region than in the agricultural region; the patch shape of cultivated land in the reclamation region was more regular than in the agricultural region; dry farmland in the reclamation region showed more dramatic fragmentation character than in the agricultural region.






4. Discussion


4.1. Spatio-Temporal Changes of Land Use and Cover Change (LUCC)


Our study reports that cultivated land increased rapidly at the loss of wetland, which is consistent with previous studies [20]. We found that paddy fields increased more quickly in the reclamation region than in the agricultural region and the area of dry farmland decreased heavily while it remained relatively stable in the agricultural region. This conclusion is consistent with a study which described the changes of paddy fields and dry farmland in two regions of the Sanjiang Plain according to statistical data from statistical yearbooks [26]. Our study also reports the spatial changes of cultivated land as well as the Pij (transition probability) index, which can describe LUCC progress more intuitively. Since the transition between paddy fields and dry farmland occurred frequently, especially the conversion from dry farmland to paddy fields in Sanjiang Plain, future studies should differ dry farmland from paddy fields in order to study the landscape change.



The large-scale land use change from wetland to cultivated land and from dry farmland to paddy fields will inevitably affect the surface radiation balance, water vapor transpiration, and other biogeochemical processes. Also, along with the expansion of cultivated land, pesticides and the use of chemical fertilizers, as well as irrigation, would have a significant impact on food security and ecological environment. How these changes affect food security and the ecological environment, as well as the contribution of each factor, should be given attention in the future.




4.2. The Difference of Cultivated Landscape Pattern Changes between the Two Regions


This study reports that paddy fields became the dominant landscape instead of dry farmland, and that large differences existed between two administrative regions. The basic conclusion is consistent with the study of Du et al. [24]. We also found that long time series and the use of several time intervals data can better describe the evolution progress. For example, both of these two studies showed that the overall trend of LPI and mean area declines in the agricultural region after 2000. However, our study find that these two indices increase first, before they decline. This is mainly because the transition rate from dry farmland to other land exceeded transition from other land to dry farmland in a certain year.



Our study also indicates that paddy fields in the reclamation region developed more rapidly and regularly than those in the agricultural region. These great differences of land use change patterns between the two regions indicate that it is necessary and possible to carry out land renovation in the agricultural region to promote rational land use distribution as well as improve cultivated land quality [39]. Paddy fields usually have higher economic efficiency than other farmland [29,39]. The expansion of paddy fields in the reclamation area can provide experiences for developing paddy fields in the agricultural region. Additionally, the differences in cultivated landscape pattern changes between the two regions will lead to the differences in their effect on food security and ecological environment. These differences should be given attention in the future in order to provide reference for policy-decision.




4.3. Possible Reasons for Landscape Pattern Differences


The reclamation region and the agricultural region in Fujin City have similar climatic conditions and topographic features, but their changes in cultivated landscape present different trends. The differences are closely related to different management modes and the influence of policies.



Firstly, the crop types, species, and other agricultural activities are mainly decided by farm governors in the reclamation region, while in the agricultural region they are mainly decided upon by farmers [40,41]. The reclamation region usually makes planned production decisions to meet country food needs and achieve balance between food supply and demand in the market by adjusting planting structures [24,30]. Under state ownership, it is easier to implement a new policy in the reclamation region [40]. For example, the rapid increase in paddy area in the reclamation region was mostly stimulated by a “dry farmland to paddy” policy in 1990s [31]. Secondly, agricultural infrastructures are better in the reclamation region than in the agricultural region. With rational planning of ditches and roads, modern agricultural machinery, and perfect power systems [20], it is easier to realize large-scale planting in the reclamation region [28]. For example, Xue et al. [41] found that the density of the ditches network in the reclamation region is 2.3 times of that in the agricultural region, which provides convenient water resources for the development of paddy fields; Wang et al. [32] and Du et al. [23] found that the agricultural input factors (e.g., labor, seeds, fertilizer, technology, and machines) are greater in the reclamation region. More scientific cultivation methods are applied in the reclamation region, which can help to maintain soil fertility and reduce farmland abandonment [28,40]. Thirdly, a series of policies promoted the landscape changes in the whole region as well as the differences between the two regions. In 1990, Heilongjiang Province implemented a “to develop paddy and to promote conversion from dry farmland to paddy” policy [39]. Additionally, the government also promoted this policy by increasing subsidies for rice cultivation. The “three major flood controls” and “controlling floods with planting paddies” policies also promoted the conversion from dry farmland to paddy fields and hindered the conversion from wetland to farmland [42,43]. Studies in other countries [44,45,46] have also shown that policies are important driving factors in agricultural landscape changes.





5. Conclusions


During the past 30 years, cultivated land in Fujin City showed a growth trend with the rapid growth of paddy fields and slow reduction of dry farmland. This trend is more obvious in the reclamation region than in the agricultural region, where both dry farmland and paddy fields show a growth trend. This is mainly due to a larger percentage of dry farmland being changed to paddy fields in the reclamation region than in the agricultural region. The transition from dry farmland to paddy fields and from wetland to cultivated land (dry farmland and paddy fields) were the main types of change in the study area, and the “dry farmland to paddy” activities were more dramatic in the reclamation region. The spatial distribution of Pij suggests more clearly that transition from dry farmland to paddy fields (in the reclamation region) and from wetland to dry farmland (in the agricultural region) were the dominant LUCC types, respectively. Our study shows that paddy fields became the dominant agricultural landscape instead of dry farmland and the fragmentation of paddy fields decreased while the fragmentation of dry farmland increased in the whole study area in the last 30 years. These differences indicate that the different management modes have great effects on cultivated landscape changes. More attention should be paid to these differences. The reclamation region and the agricultural region should learn from each other in order to improve regional grain production level, production efficiency, and economic growth [29,39].
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Figure 1. The location of Fujin City, Northeast China. 
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Figure 2. Land use/cover maps for different years. 
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Figure 3. Spatial distribution of Pij (a) from dry farmland to paddy fields; (b) from wetland to dry farmland; (c) from wetland to paddy fields. 
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Table 1. The landscape metrics.







Table 1. The landscape metrics.







	
Metrics

	
Formula

	
Descriptions






	
AREA_MN (mean area)

	
AREA_MN =        ∑  j = 1  n    a  i j        n i      

	
where aij is the area of patch ij (ha), ni is the number of patches of type i.




	
LPI (largest patch index)

	
LPI =        max   j = 1  n  (  a  i j   )  A    (100)

	
where aij is the area of patch ij (m2), A is total landscape area (m2).

LPI quantifies the percentage of total landscape area comprised by the largest patch. As such, it is a simple measure of dominance.




	
PD (patch density)

	
PD =     N A    

	
where A is total patch area of each cultivated land type (100 ha), N is the number of patches of each cultivated land type. PD expresses the number of patches on a per unit area basis that facilitates comparisons among landscapes of varying size.




	
CONNECT (connect index)

	
CONNECT =     [      ∑  j = k  n    c  i j k          n i  (  n i  − 1 )  2     ]  ( 100 )   

	
where Cijk equals the connectivity between patch j and k (0 is unconnected, 1 is connected) of the corresponding patch type (i), based on a user specified threshold distance. ni is the number of patches in the landscape of the corresponding patch type (class). CONNECT is reported as a percentage of the maximum possible connectance given the number of patches.




	
PLAND (percentage of landscape)

	
PLAND =        ∑  j = 1  n    a  i j      A  × ( 100 )   

	
where aij = area (m2) of patch ij, A is the total landscape area (m2). PLAND quantifies the proportional abundance of each patch type in the landscape.




	
ED (edge density)

	
ED =        ∑  k = 1  m   (  e  i k   )  A    

	
where eik is the total patch length of type i, A is total patch area of each cultivated land type (ha). ED reports edge length on a per unit area.




	
LSI (landscape shape index)

	
LSI =       e i    min  e i      

	
where ei = total length of edge (or perimeter) of class i in terms of number of cell surfaces; includes all landscape boundaries and background edge segments involving class i.

min ei = minimum total length of edge (or perimeter) of class i in terms of number of cell surfaces. LSI provides a simple measure of class aggregation.




	
SHAPE_MN (mean shape)

	
SHAPE_MN =        ∑  i = 1  m     ∑  j = 1  n    (    0.25  P  i j        a  i j        )         n i      

	
where pij = perimeter of patch ij in terms of number of cell surfaces. aij = area of patch ij in terms of number of cells. ni is the number of patches of type i.




	
COHESION (cohesion index)

	
COHESION =     [  1 −     ∑  j = 1  n    p  i j         ∑  j = 1  n    p  i j      a  i j          ]  ×  [  1 −  1   Z     ]  × ( 100 )   

	
where pij = perimeter of patch ij in terms of number of cell surfaces. aij = area of patch ij in terms of number of cells.

Z = total number of cells in the landscape. COHESION measures the physical connectedness of the corresponding patch type.




	
DIVISION (landscape division index)

	
DIVISION =     [  1 −   ∑  j = 1  n     (    a  i j    A  )  2     ]    

	
where aij = area (m2) of patch ij. A = total landscape area (m2). DIVISION shows the probability that two randomly chosen pixels in the landscape are not situated in the same patch.




	
SPLIT (splitting index)

	
SPLIT =       A 2      ∑  i = 1  m     ∑  j = 1  n     a  i j   2        

	
where aij = area (m) of patch ij. A2 = total landscape area (m2). It is interpreted as the effective mesh number, or number of patches with a constant patch size when the landscape is subdivided into S patches, where S is the value of the splitting index.




	
AI (aggregation index)

	
AI =       m  i i     max    m  i i       

	
where mii = number of like adjacencies (connections) between pixels of patch type (class) i based on the single-count method; max mii = maximum number of like adjacencies (connections) between pixels of patch type. AI shows the frequency with which different pairs of patch types appear side-by-side on the map.
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Table 2. The area and percentage of change during the time intervals.
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Year

	
1986

	
1995

	
2000

	
2005

	
2010

	
2015






	
All regions

	
Cultivated land

	
4630.21

	
4914.38

	
5809.08

	
5865.56

	
5884.54

	
6783.21




	
Paddy

	
Area (km2)

	
119.33

	
239.95

	
1445.47

	
1240.25

	
1936.81

	
3578.11




	
%

	
2.58

	
4.88

	
24.88

	
21.14

	
32.91

	
52.75




	
Dry farmland

	
Area (km2)

	
4510.88

	
4674.43

	
4363.60

	
4625.31

	
3947.74

	
3205.11




	
%

	
97.42

	
95.12

	
75.12

	
78.86

	
67.09

	
47.25




	
Agricultural region

	
Cultivated land

	
2596.68

	
2907.43

	
3534.98

	
3585.27

	
3543.82

	
4192.98




	
Paddy

	
Area (km2)

	
59.20

	
91.39

	
365.10

	
302.10

	
447.24

	
1341.83




	
%

	
2.28

	
3.14

	
10.33

	
8.43

	
12.62

	
32.00




	
Dry farmland

	
Area (km2)

	
2537.48

	
2816.05

	
3169.89

	
3283.17

	
3096.58

	
2851.14




	
%

	
97.72

	
96.86

	
89.67

	
91.57

	
87.38

	
68.00




	
Reclamation region

	
Cultivated land

	
2033.53

	
2006.95

	
2274.09

	
2280.29

	
2340.73

	
2590.23




	
Paddy

	
Area (km2)

	
60.13

	
148.56

	
1080.38

	
938.15

	
1489.57

	
2236.27




	
%

	
2.96

	
7.40

	
47.50

	
41.14

	
63.64

	
86.33




	
Dry farmland

	
Area (km2)

	
1973.40

	
1858.39

	
1193.72

	
1342.15

	
851.16

	
353.96




	
%

	
97.04

	
92.60

	
52.50

	
58.86

	
36.36

	
13.67
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Table 3. Transition probability matrices of land changes from 1986 to 2015 (%).
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Region

	
Categories

	
P

	
D

	
F

	
G

	
W

	
S

	
M

	
O






	
All regions

	
P

	
89.30

	
6.50

	
0.75

	
1.86

	
0.16

	
0.87

	
0.55

	
0.00




	
D

	
59.22

	
36.96

	
1.32

	
1.06

	
0.00

	
1.03

	
0.38

	
0.02




	
F

	
14.17

	
17.84

	
53.61

	
4.04

	
1.00

	
0.58

	
8.61

	
0.13




	
G

	
22.57

	
30.89

	
2.44

	
2.08

	
0.54

	
0.07

	
41.08

	
0.32




	
W

	
0.75

	
1.11

	
0.26

	
0.13

	
63.98

	
0.37

	
33.40

	
0.00




	
S

	
7.92

	
13.89

	
1.17

	
0.92

	
0.07

	
75.76

	
0.08

	
0.19




	
M

	
24.10

	
47.70

	
1.05

	
6.64

	
0.39

	
0.08

	
20.03

	
0.00




	
O

	
12.24

	
16.99

	
2.18

	
11.62

	
0.00

	
0.00

	
0.00

	
56.98




	
Agricultural region

	
P

	
87.81

	
9.74

	
0.13

	
2.03

	
0.00

	
0.29

	
0.00

	
0.00




	
D

	
35.94

	
61.32

	
0.88

	
0.41

	
0.01

	
1.10

	
0.30

	
0.04




	
F

	
5.40

	
22.00

	
54.94

	
3.58

	
1.51

	
0.55

	
11.83

	
0.19




	
G

	
16.41

	
32.58

	
2.10

	
2.24

	
0.59

	
0.08

	
45.63

	
0.36




	
W

	
0.76

	
1.11

	
0.27

	
0.13

	
64.36

	
0.37

	
33.01

	
0.00




	
S

	
4.25

	
16.53

	
1.11

	
0.34

	
0.09

	
77.37

	
0.07

	
0.24




	
M

	
16.37

	
58.38

	
1.28

	
6.50

	
0.37

	
0.10

	
17.00

	
0.00




	
O

	
0.00

	
19.50

	
1.79

	
13.33

	
0.00

	
0.00

	
0.00

	
65.39




	
Reclamation region

	
P

	
90.73

	
3.43

	
1.34

	
1.70

	
0.31

	
1.42

	
1.08

	
0.00




	
D

	
88.84

	
5.96

	
1.88

	
1.89

	
0.00

	
0.94

	
0.49

	
0.00




	
F

	
31.59

	
9.58

	
50.99

	
4.97

	
0.00

	
0.64

	
2.22

	
0.00




	
G

	
77.57

	
15.74

	
5.50

	
0.68

	
0.08

	
0.00

	
0.44

	
0.00




	
W

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
100.00

	
0.00




	
S

	
21.05

	
4.44

	
1.40

	
3.00

	
0.00

	
70.02

	
0.10

	
0.00




	
M

	
41.08

	
24.25

	
0.54

	
6.95

	
0.44

	
0.04

	
26.69

	
0.00




	
O

	
95.20

	
0.00

	
4.80

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00








Notes: P = Paddy field; D = Dry farmland; F = Forest; G = Grassland; W = Water body; S = Settlement; M = Wetland; and O = Other.
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Table 4. Space configuration characteristic.







Table 4. Space configuration characteristic.







	
Region

	
Year

	
AREA_MN (ha)

	
LPI (%)

	
PD (10−2/km2)

	
CONNECT (%)




	
Paddy

	
Dry Farmland

	
Paddy

	
Dry Farmland

	
Paddy

	
Dry Farmland

	
Paddy

	
Dry Farmland






	
All

	
1986

	
117.02

	
3268.60

	
0.31

	
42.63

	
1.23

	
1.67

	
0.37

	
1.59




	
1995

	
99.55

	
2798.89

	
0.51

	
40.66

	
2.91

	
2.02

	
0.28

	
1.22




	
2000

	
176.05

	
852.29

	
3.88

	
41.81

	
9.93

	
6.19

	
0.22

	
0.42




	
2005

	
227.98

	
1182.96

	
3.52

	
42.97

	
6.58

	
4.73

	
0.33

	
0.54




	
2010

	
526.30

	
688.96

	
13.91

	
31.85

	
4.45

	
6.93

	
0.42

	
0.31




	
2015

	
1305.86

	
797.30

	
22.65

	
34.87

	
3.31

	
4.86

	
0.57

	
0.33




	
Ag

	
1986

	
126.34

	
2020.48

	
0.21

	
37.62

	
0.89

	
2.43

	
1.44

	
1.73




	
1995

	
106.57

	
1908.43

	
0.82

	
36.95

	
1.63

	
2.86

	
0.77

	
1.33




	
2000

	
90.62

	
1952.75

	
1.28

	
49.68

	
7.66

	
3.15

	
0.33

	
1.56




	
2005

	
111.19

	
2198.20

	
1.47

	
50.20

	
5.19

	
2.89

	
0.49

	
1.55




	
2010

	
168.44

	
1818.52

	
3.62

	
46.00

	
5.05

	
3.30

	
0.44

	
1.34




	
2015

	
512.71

	
1467.24

	
12.63

	
52.52

	
5.03

	
3.77

	
0.57

	
0.98




	
Re

	
1986

	
94.23

	
3544.93

	
0.82

	
50.23

	
2.08

	
1.79

	
0.48

	
3.90




	
1995

	
87.97

	
2395.95

	
0.28

	
45.92

	
5.47

	
2.50

	
0.41

	
3.03




	
2000

	
231.08

	
272.80

	
10.26

	
26.14

	
15.08

	
14.08

	
0.47

	
0.58




	
2005

	
305.29

	
423.25

	
9.32

	
24.54

	
9.89

	
10.21

	
0.70

	
0.74




	
2010

	
1012.75

	
174.41

	
36.59

	
6.93

	
4.74

	
15.72

	
1.45

	
0.37




	
2015

	
4245.70

	
116.47

	
55.85

	
3.26

	
1.70

	
9.86

	
4.93

	
0.42








Notes: All = All regions; Ag = Agricultural region; and Re = Reclamation region.
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Table 5. Patch character.







Table 5. Patch character.







	
Region

	
Year

	
PLAND (%)

	
ED (m·ha−1)

	
LSI

	
SHAPE_MN




	
Paddy Field

	
Dry Farmland

	
Paddy Field

	
Dry Farmland

	
Paddy Field

	
Dry Farmland

	
Paddy Field

	
Dry Farmland






	
All

	
1986

	
1.44

	
54.54

	
0.73

	
8.03

	
13.95

	
25.22

	
1.62

	
2.14




	
1995

	
2.90

	
56.52

	
1.66

	
8.90

	
22.32

	
27.58

	
1.60

	
2.22




	
2000

	
17.48

	
52.76

	
8.90

	
14.75

	
48.75

	
46.85

	
1.77

	
2.01




	
2005

	
15.00

	
55.93

	
7.46

	
14.62

	
44.16

	
45.12

	
1.88

	
1.97




	
2010

	
23.42

	
47.73

	
8.28

	
12.70

	
39.39

	
42.46

	
1.92

	
1.90




	
2015

	
43.26

	
38.75

	
8.21

	
9.78

	
28.95

	
36.51

	
1.89

	
1.79




	
Ag

	
1986

	
1.13

	
49.07

	
0.61

	
7.68

	
10.56

	
20.64

	
1.73

	
2.05




	
1995

	
1.74

	
54.51

	
0.91

	
8.35

	
12.78

	
21.40

	
1.68

	
2.20




	
2000

	
6.94

	
61.46

	
4.27

	
12.21

	
29.71

	
29.21

	
1.72

	
2.01




	
2005

	
5.77

	
63.64

	
2.93

	
11.62

	
22.34

	
27.46

	
1.69

	
2.10




	
2010

	
8.51

	
60.07

	
3.93

	
12.16

	
24.84

	
29.43

	
1.84

	
2.10




	
2015

	
25.80

	
55.30

	
7.42

	
12.65

	
27.27

	
31.59

	
1.88

	
1.79




	
Re

	
1986

	
1.96

	
63.55

	
0.92

	
8.57

	
9.80

	
16.00

	
1.56

	
1.99




	
1995

	
4.82

	
59.82

	
2.88

	
9.79

	
18.77

	
18.63

	
1.57

	
1.96




	
2000

	
34.84

	
38.42

	
16.51

	
18.89

	
39.59

	
43.82

	
1.79

	
1.98




	
2005

	
30.20

	
43.22

	
14.93

	
19.51

	
38.26

	
42.83

	
2.01

	
1.99




	
2010

	
47.98

	
27.41

	
15.44

	
13.56

	
31.57

	
37.68

	
2.00

	
1.86




	
2015

	
72.03

	
11.48

	
9.49

	
5.02

	
16.46

	
22.25

	
1.80

	
1.71








Notes: All = All regions; Ag = Agricultural region; and Re = Reclamation region.
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Table 6. The dynamic of fragmentation character.







Table 6. The dynamic of fragmentation character.







	
Region

	
Year

	
COHESION

	
DIVISION

	
SPLIT

	
AI (%)




	
Paddy

	
Dry

	
Paddy

	
Dry

	
Paddy

	
Dry

	
Paddy

	
Dry






	
All

	
1986

	
98.115

	
99.9625

	
1.0000

	
0.8114

	
68040.02

	
5.30

	
96.43

	
98.92




	
1995

	
98.0445

	
99.9601

	
1.0000

	
0.8217

	
29563.26

	
5.61

	
95.86

	
98.83




	
2000

	
99.5057

	
99.9575

	
0.9979

	
0.8210

	
484.18

	
5.59

	
96.23

	
97.92




	
2005

	
99.4875

	
99.9639

	
0.9985

	
0.8061

	
656.17

	
5.16

	
96.32

	
98.05




	
2010

	
99.8680

	
99.9219

	
0.9798

	
0.8913

	
49.57

	
9.20

	
97.38

	
98.02




	
2015

	
99.9060

	
99.9574

	
0.9377

	
0.8784

	
16.04

	
8.22

	
98.60

	
98.12




	
Ag

	
1986

	
98.1541

	
99.9385

	
1.0000

	
0.8539

	
92003.56

	
6.84

	
96.22

	
98.83




	
1995

	
98.5231

	
99.9315

	
0.9999

	
0.8499

	
14121.56

	
6.66

	
96.25

	
98.84




	
2000

	
98.7030

	
99.9614

	
0.9997

	
0.7452

	
3768.38

	
3.92

	
95.43

	
98.49




	
2005

	
98.8319

	
99.9599

	
0.9997

	
0.7378

	
3118.87

	
3.81

	
96.28

	
98.61




	
2010

	
99.2717

	
99.9505

	
0.9986

	
0.7790

	
723.66

	
4.52

	
96.57

	
98.47




	
2015

	
99.7435

	
99.9747

	
0.9831

	
0.7241

	
59.16

	
3.62

	
97.84

	
98.28




	
Re

	
1986

	
97.9142

	
99.9581

	
0.9999

	
0.7357

	
13992.03

	
3.78

	
96.61

	
98.99




	
1995

	
97.6116

	
99.9545

	
1.0000

	
0.7768

	
22506.00

	
4.48

	
95.64

	
98.78




	
2000

	
99.6311

	
99.8535

	
0.9863

	
0.9308

	
72.83

	
14.46

	
96.49

	
96.29




	
2005

	
99.5895

	
99.8781

	
0.9902

	
0.9314

	
101.94

	
14.57

	
96.36

	
96.58




	
2010

	
99.9273

	
99.5129

	
0.8641

	
0.9910

	
7.36

	
110.62

	
97.63

	
96.23




	
2015

	
99.969

	
98.9442

	
0.6634

	
0.9985

	
2.97

	
679.90

	
99.02

	
96.62








Notes: All = All regions; Ag = Agricultural regions; Re = Reclamation region; Paddy = Paddy fields; and Dry = Dry farmland.
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