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Abstract

:

Dike-ponds have experienced significant changes in the Pearl River Delta region over the past several decades, especially since China’s economic reform, which has seriously affected the construction of ecological environments. In order to monitor the evolution of dike-ponds, in this study we use multi-source remote sensing images from 1978 to 2016 to extract dike-ponds in several periods using the nearest neighbor classification method. A corresponding area weighted dike-pond invasion index (AWDII) is proposed to describe the spatial evolution of dike-ponds, both qualitatively and quantitatively. Furthermore, the evolution mechanisms of dike-ponds are determined, which can be attributed to both natural conditions and human factors. Our results show that the total area of dike-ponds in 2016 was significantly reduced and fragmentation had increased compared with the situation in 1978. The AWDII reveals that Shunde District has experienced three main phases, including steady development, rapid invasion and a reduction of invasion by other land use types. Most dike-ponds have now converted into built-up areas, followed by cultivated lands, mainly due to government policies, rural area depopulation, and river networks within Shunde. Our study indicates that the AWDII is applicable towards the evaluation of the dynamic changes of dike-ponds. The rational development, and careful protection, of dike-ponds should be implemented for better land and water resource management.
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1. Introduction


Dike-ponds are a predominant and typical traditional agricultural production mode that was developed in the Pearl River Delta region of south China by local farmers [1]. Pond-breeding fish form in the low-lying, artificially dug fields, while clay in the dikes is used for planting mulberry-dominated trees, which thus form the basic dike-pond pattern. Dike-ponds represent the integration of terrestrial ecosystems (dike) and freshwater ecosystems (pond), and they have become one of the most important types of ecological landscapes in dense river network areas [2,3]. The land-water interaction between dikes and ponds is very significant because of the unique natural conditions of the area where dike-ponds are located, as well as their individual system characteristics. Dike-ponds not only effectively solve some natural environment problems that often occur in low-lying areas, and in turn preserve ecological balance, but they also create huge benefits in terms of driving economic growth [4]. The energy exchange, conversion, and material recycling processes within the system are intense and frequent. Dike-ponds are considered a model of traditional Chinese agriculture practices, and they are an important agricultural cultural heritage in the world [5,6].



Researchers have long sought a better understanding of the various aspects of dike-ponds. The study of dike-ponds began in 1980s whereby the basic structure and functions of dike-ponds was explained [4,7,8]. In addition, scholars also discussed the land–water interactions that occur between dikes and ponds. Such researchers measured the productivity of dike-ponds based on their natural environment, energy flow, material flow and the input and output of the major types of dike-pond (mulberry-dike-fish-pond, fruit-dike-fish-pond, sugar-dike-fish-pond and flower-dike-fish-pond) [9,10]. According to the available research on dike-ponds, reformation of the original dike-pond was conducted in low-lying lands such as Southeast Asia, North America, Australia, and other tropical and subtropical regions to introduce three-dimensional planting [11,12]. In the 1990’s, the Pearl River Delta region became a pioneer in reform and opening up, but was deemed to excessively pursue economic benefits. The situation led to the phenomenon of heavy fishpond breeding and light base planting. In-depth studies of dike-ponds fell into stagnation then, where the focus switched to merely analyzing the economic benefits that existing dike-ponds bring about [13,14,15,16]. At the beginning of 21th century, the traditional dike-pond had been severely damaged due to the high level of economic development in the Pearl River Delta. A series of subsequent ecological and environmental problems have aroused the attention of the public. For example [17,18,19], by being mainly focused on the repair and renovation of dike-ponds by exploring the mechanisms related to their construction and regulation. Zhao [20] and Wu [21] demonstrated the impact of the socio-economic development of dike-ponds, while other scholars [22,23] evaluated the ecological environment quality of dike-ponds. As a field of research, the agricultural landscape of dike-ponds provides a reference for the continuation of traditional ecological service functions, the restoration of agricultural ecosystems and the sustainable development of regional ecological economies [24,25,26,27].



At present, the study of dike-ponds includes a combination of field survey data of local areas, using geographic information systems (GIS) and remote sensing (RS) spatial analysis methods. The assistance of RS technology has the advantage of the timeliness of data acquisition in field investigations and their wide and large geographic coverage [28,29,30]. Some existing studies refer to the monitoring of land use changes both in terms of their distribution and area with multi-temporal data [30,31]. Ye used data from the Landsat TM from 1990, 2000, and 2006 to analyze dike-pond changes in the Pearl River Delta [32]. He divided the region into four types of dike-ponds based on a comprehensive expansion coefficient. Wang used data from three periods in 1990, 2000, and 2008 to extract the dike-pond distribution, while determining the dynamic change processes experienced by dike-ponds in the study area [33]. However, most of these analyses involved short time spans and were performed at only a single scale, making it difficult to obtain spatial information of multi-temporal dike-pond areas at larger scales, as well as the spatial distribution of dike-ponds before the 1980’s. Some studies stated that the Key Hole (KH) of Declassified Intelligence Satellite Photographs (DISP) series can scan both generally and in detail [34,35]. For the period from the 1960s to 1970s, the Pearl River Delta was a key area of interest for the United States, who archived considerable DISP data covering this region. Considering the available data, DISP images were selected as a source of RS data to determine the river network distribution and classify land use. Many literature works concluded that multi-source data can improve the image resolution and accuracy of land use classification [36,37,38,39]. Taking the Landsat Thematic Mapper(TM) images provided by the National Aeronautics and Space Agency (NASA) as a main data source, the evolution of dike-ponds from the 1980’s to the present can be realized with the help of KH-9 images [40,41,42].



Landscape patterns and their dynamic change processes are crucial parts of landscape ecology [43]. Human activities and their environmental effect are frequently discussed in the global change research [44]. The dike-ponds, which are typical ecological landscapes, are especially studied and explored with the help of pollen and palaeoecological records, within an interdisciplinary study [45,46,47]. Scholars have attempted to measure the conversion of land use quantitatively with feasible indexes, such as the freedom, dispersion, and goodness of construction land expansion [48,49,50]. Previous studies refer to other indices like the landscape expansion index (LEI) to better reveal spatio-temporal land use dynamics [51]. Unfortunately, the land use types that these indices determine remain relatively limited. For other types of land use which are not always considered, such as wetlands, and it is hard to use such indices to measure their dynamic change. Indeed, there exist very few publications regarding indices that effectively reflect the development trends of wetlands, especially dike-ponds. Therefore, evaluation methods and/or applicable models need to be further formulated. In the present study, we propose a new index called the area weighted dike-pond invasion index (AWDII), which is a variant of the landscape invasion index (LII). The modified parameter, which is based on the LEI, improves our ability to effectively evaluate dike-ponds.



The estimation and monitoring of dike-pond changes are necessary to establish an integrated land and water resource management system [52,53]. As a typical agricultural mode in the Pearl River Delta, it is of great practical significance to implement ecological agriculture construction and sustainable development of regional social economy in developed regions. Therefore, in this study we assemble a series of RS images that span 38 years and which have sufficient spatial resolution to classify land use and extract the distribution of dike-ponds for each period of research. A corresponding evaluation indicator is constructed to analyze the spatial evolution of dike-pond distributions, both qualitatively and quantitatively. By combining the natural environment characteristics in Shunde District with social economics, the factors which led to the dike-pond changes were performed.




2. Materials and Methods


2.1. Study Area


The study area, Shunde, is located at 22°40′15″–23°0′40″ N and 113°1′35″–113°23′30″ E in the Southern part of Foshan City, Guangdong Province. It covers an area of about 806 km2 (Figure 1). The area has a warm, humid, south Asian subtropical monsoon climate with sufficient sunshine, abundant precipitation, and other unique natural conditions. The territory has a flat land dominated by alluvial plains and rivers, while sporadic hillocks can be found in Southern and Western regions. The Northwest land is slightly higher than the Southwest, and the average elevation of most areas is 0.2 to 2 m above sea level [54]. Several rivers flow across Shunde District, including Xijiang River and the Shunde District Waterway. There are currently about 16 tributaries, and the total length of them reaches 210 km.



Shunde District has jurisdiction over 10 towns (Chencun, Junan, Xingtan, Longjiang, Lecong, Beijiao, Daliang, Ronggui, Lunjiao, and Leliu). These 10 towns are distributed on both sides of the main river channel in Shunde, which has become one of the main ways to communicate with the outside and has provided a link and means of interaction among the towns in the district.




2.2. Data and Pre-Processing


In this study, Declassified Intelligence Satellite Photographs (DISP) and Landsat MSS/TM/OLI images were used. To obtain a large time range of recorded RS data as far as possible, the Landsat MSS data were acquired on 2 November 1978, and the archived DISP data KH-9 is close to MSS data on time. KH-9 are single-band images with high spatial resolution, between 6 and 9 m, while the Landsat MSS images have low spatial resolution of about 78 m over four bands. To obtain enhanced images with both high spatial resolution and multispectral features, image fusion was performed. Among the available KH-9 images, we used two cloud-free images of good quality obtained on 17 December 1975 and 18 January 1976 (i.e., 1 month apart), respectively, which were combined to obtain an image that covered the entire study area (i.e., Shunde District). Dominated by agricultural developments between 1975 and 1978, Shunde District can be regarded as being constant due to only small changes occurring in land use over the three-year period. Therefore, image fusion was undertaken with the KH-9 image and the MSS image that was acquired 3 years later in 2 November 1978. Through several comparison experiments, it was found that the Brovey method resulted in a fused image of higher quality, which hence served as the data source for the subsequent analysis in 1978. To avoid inconsistency in resolutions, the resolution of Landsat images in 1978 was normalized to that of KH-9 image in 1975. The required image pre-processing varied according to the range of single scene images from the different data sources, the projection information of the images, and their application purposes (Table 1).




2.3. Classification and Accuracy Assessment


There are differences in the characteristics of the target categories between the fused and individual Landsat TM images. Interpretation of the two types of RS images in the fused MSS and KH-9 data (R:4 G:3 B:2) and Landsat TM image (R:7 G:5 B:3) band combinations are respectively displayed in Table 2 and described in Table 3.



ECognition Developer 9.0 was used for multi-scale image segmentation, the scale of which varied according to the spatial resolution of the image and the object characteristics. Through repeated experiments of setting the segmentation parameters, the segmentation scales of the seven period images were finally determined to be 70, 30, 15, 15, 15, 20, and 100, while other relevant parameters include the hue index (0.9), shape index (0.1), tightness index (0.5), and smoothness index (0.5). A certain number of classification features were selected from the mean, standard deviation, object length shape area, etc. of each object. Combination of these features was obtained to maximize the classification distance, and we used the nearest neighbor classification method to realize automatic classification of the RS images. Land use classification results were acquired after manually correcting the automatic classification result of each image. Classification validation is an integral and essential part of any image-classification process [55]. Therefore, the accuracy of the classification results was assessed by randomly collecting a certain number of sample objects for various types of ground objects to avoid contingency and improve the quality of accuracy evaluation. For the land use maps of earlier years, the relevant topographic maps, and photographs were considered to choose validation samples. The overall classification accuracy and global Kappa coefficient for each period from 1978 to 2016 were carried out.



Figure 2 shows the workflow of the image pre-processing, classification, and analysis.




2.4. AWDII


The landscape expansion index (LEI) was proposed to identify three types of urban expansion, i.e., infilling type, edge-expansion type, and outlying type to analyze the dynamic changes of two or more temporal phases of landscape patterns [56]. At present, the LEI is usually applied to spatial patterns and process descriptions of construction land expansion [51,57,58]; however, it is difficult to use them to determine dynamical changes of landscape patterns that contain wetlands because they mostly fluctuate rather than present a single trend. In addition to the proposed definition and quantification index LEI [59], we also propose a landscape invasion index (LII) that can be used for cases where a certain land type invades another land type, and which can describe the spatial pattern and extent of the invasion within a specific stage. The LII can be calculated using Equation (1):


LII=(Ai−A0)(Ai+A0)



(1)




where A0 is the original patch area, and Ai is the area of patch occupied by a certain landscape adjacent to the original patch. When A0 = 0, there is no original patch adjacent to the invading patch. At that time, LII = 1, that is, it belongs to the outlying invasion type. When Ai = 0, LII = −1, and the original patch does not invade any other landscape. When LII is between −1 and 1, the invasion mode is the edge-invasion type.



This study considers dike-ponds as the sole wetland research object. Therefore, the area weighted dike-pond invasion index (AWDII) is proposed, which can be calculated using Equation (2):


AWDII=∑i=1n(LIIi×aiA)



(2)




where LIIi is the LII of the invading patch i, n is the total number of patches in the invaded landscape, ai is the area of the invading patch i, and A is the total invaded area of the landscape. According to Equation (1), the value range of LII is [−1, 1], which implies that the range of AWDII is also [−1, 1]. The larger AWDII is, the larger the area of the invading dike-pond is relative to the original dike-pond area is, or in other terms, the more severely the dike-pond is being invaded.





3. Results


3.1. Land Use Classification Results and Accuracy Analysis


To analyze the land use distribution in Shunde, five land use types were identified including built-up areas, cultivated lands, dike-ponds, forests, and rivers. Figure 3 shows the superposition of an RS image with the results of the dike-pond extraction, which illustrates the distribution of the main research objects of this paper in each chosen period. The results of the seven periods (1978, 1988, 1993, 2000, 2005, 2011, and 2016) indicate that the total area of dike-ponds in 2016 was significantly reduced and more fragmented compared with 1978, i.e., after approximately 40 years of development. Comparing the classification results from 1978 to 2016, the trends of the dike-pond distribution changes were qualitatively obtained.



The dike-ponds extended from West to East between 1978 and 1988. In 1978, the dike-ponds were mainly in the Western, Central, and Southern regions of Shunde District, which were continuously distributed and densely packed. In 1988, the dike-ponds in these areas stayed constant and some began to appear in the Eastern parts of Shunde District, though overall they have a more scattered distribution. The distribution changed little from 1988 to 1993. Compared to1988, the dike-ponds in the Wstern, Central, and Southern regions remained lumped and densely distributed in 1993, while those in Eastern regions were scattered and distributed relatively compactly. Locally, the conversion to other land use types from dike-ponds and the contrary circumstances simultaneously existed. The fragmentation of dike-ponds in the Western and Central regions increased significantly between 1993 and 2000. The contiguousness of the dike-ponds in Shunde District was broken in 2000, where the largest changes occurred in the Western and Northern parts. It can be observed from the image from 2000 that these changes are mainly due to urban land expansion that occupied regions previously populated by dike-ponds. The land changes in the Central and Southern areas were relatively small, and they still contained the most concentrated distributions within the entire study area.



The changing trends of dike-pond distribution were basically the same both from 2000 to 2005 and from 2005 to 2011, that is, the distribution range of dike-ponds continued to shrink and the degree of fragmentation increased. Since 2000, the contiguous area of the dike-pond landscape in Shunde District was broken by other types of land use, and its area declined year by year. Dike-ponds in the Western, North-Central, and Eastern regions experienced the largest changes. By 2011, they were only sporadically distributed in these areas. In the South and South-Central parts, dike-ponds also shrank and the degree of fragmentation increased. However, compared with other regions, they were still more densely distributed, and became the main areas of dike-pond occurrence. The distribution pattern of dike-ponds has not changed substantially from 2011 to 2016, although its total area has further decreased due to invading, built-up areas. Throughout the whole study area, the fragmentation of dike-ponds became more obvious, especially in the Northwest and Eastern regions. Dike-ponds remained tightly spaced along the river networks, but were sparsely distributed in the Northern and Southern parts of Shunde. As of 2016, the total area of dike-ponds was less than one third of the entire study area.



The classification results were assessed by randomly collecting a certain number of sample objects, i.e., various types of ground objects, to determine the overall classification accuracy and global Kappa coefficient for each period from 1978 to 2016 (Table 4). Error matrix calculation information is shown in Appendix A. The results show that the overall accuracy of the RS image classifications during the seven periods from 1978 to 2016 is higher than 89%, and the Kappa coefficient is more than 0.86. The high classification accuracy demonstrates that the use of object-oriented methods and artificially assisted corrections to classify images can improve the classification efficiency compared with pure manual interpretation, and ensure the reliability of the classification results.



RS images from the seven periods from 1978 to 2016 were taken to calculate the area of each land use type and their relative proportion to the total area. The changes in land use over the past 38 years are given in Figure 4. Between 1978 and 2000, the area of dike-pond wetlands dominated all land use types in the study area, with an area ratio of over 45% and a maximum of 50%. The area of dike-pond wetlands increased first, reaching a peak in 1993, and then decreased, to become the second most prevalent land use type after 2000. Between 1978 and 1993, the proportion of cultivated land in the study area was in the second most dominant type, while the combined cultivated land plus dike-ponds in the area was more than 70%, which reached a peak of 86.62% in 1978. This reflects the dominant agricultural economy before the 1990’s in Shunde.



Over the past 38 years, the number of built-up areas in Shunde District has continued to increase, and it became the most prevalent land use type in the whole study area in 2005, accounting for 54.43% of the total area in 2016. The steady declining trend of forests reflect their increasing level of exploitation, while the area of rivers stayed stable at around 7.5% over the last 38 years. Since the area of forests and rivers was much smaller than the other land types, the absolute value of their area change was not very considerable. It can be observed from Figure 4 that the total area of forests and rivers remained relatively steady during the four-decade period.




3.2. Dike-Pond Trends


Next, we took the towns of Shunde District as land use units. With the land use classification results acquired for the seven periods from 1978 to 2016, information pertaining to the administrative scope of each town in Shunde District was obtained so that the distribution of dike-ponds in each town could be extracted. We calculated the area of dike-ponds in each town and their proportion of the overall dike-pond area in the district, which were also compared and analyzed for the different periods.



Figure 5 shows the relative dike-pond areas of all towns in each period. From 1978 to 2016, the dike-pond areas of Xingtan and Leliu are ranked first and second, respectively, among the 10 towns. The area of dike-ponds in Xingtan accounts for more than 20% of the total area of dike-ponds in the study area, while the proportion in Leliu were above 14%, where both decreased first and then increased, and which were accompanied by fluctuations in their relative proportions. Xingtan and the Leliu, which are located in the Southwest and Central part of Shunde, respectively, were within the main distribution area of dike-ponds in the overall scale analysis. Over the past 38 years, the area of dike-ponds in Chencun ranged from 0.86 to 8.51 km2, which is relatively small compared with other towns. It accounts for less than 3% of the total area of dike-ponds in Shunde and as low as 0.4% in 2011. Chencun is located in the Northern part of Shunde, and it has fewer areas compared with other towns. After 2000, the area of dike-ponds in each town showed a downward trend except for Ronggui, where its dike-pond area in 2016 was higher than that in 2011.



In can be concluded that the dike-pond distribution in the different towns was asymmetric according to the spatial analysis. Xingtan and Leliu in Shunde District contain the largest dike-pond areas, while Chencun has the smallest dike-pond area between 1978 and 2016.



We have shown here the difference between the dike-pond proportions of each town. In 1978, the dike-pond proportions of Xingtan and Longjiang were larger than the other towns, and were similar at 78.94% and 78.99%, respectively. In the process of extracting the dike-ponds, the spatial resolution and spectral characteristics of the images inevitably affected the accuracy of the classification results. Therefore, a difference of 0.05% in the dike-pond area proportion of Xingtan and Longjiang in 1978 can be neglected, and are hence considered to be approximately equal.



During the period from 1978 to 1988, the dike-pond area proportions of Xingtan and Longjiang were both more than 70%, and ranked in the top two. In 1993, the dike-pond proportion of Lecong began to surpass Longjiang and Xingtan, and was ranked first in Shunde. However, it fell down slightly to 60.49% followed after Xingtan with a decline of 2%. After 2000, the dike-pond proportion in Xingtan stayed the highest, though its proportion gradually decreased, and it was seen that Lecong and Junan were ranked second in 2000 and 2005, respectively. Leliu remained the second highest proportion after 2005. From our results, we predict that Xingtan might be the town with the largest proportion of dike-ponds in the near future.



According to the above analysis, it can be summarized that the dike-pond area proportion of each town has changed in two ways over the past 38 years. The 10 towns were divided into two types with Class A, the proportion of which continuously decreased, and Class B, the proportion of which increased first and then decreased. The different trends are shown in Figure 6.



Based on the statistical data of dike-pond area in each town, the year (i.e., time) was used as the independent variable (x) and the dike-pond area was the dependent variable (y, unit: km2). Linear and quadratic polynomial functions were constructed to fit the evolution trends of the two types for the 10 towns, as classified in Table 5.



Each function fitting result had a high correlation coefficient, R2, (0.79 ≤ R2 ≤ 0.98), which was used to evaluate how well each function could effectively reflect the dike-pond area changes in each town. The dike-pond area proportion of the Class A towns decreased with different curvatures, in which Junan had the smallest curvature and Lecong had the largest. We can see from Figure 6 that the deceleration rate of dike-pond areas in each period was not the same. Among the five fitting curves, Xingtan has the highest degree of fitting, indicating that it decreased at a more uniform rate. As for the Class B towns, the rate of increase and decrease of the dike-pond areas in a given town was inconsistent from 1978 to 2016, and there was also a difference in the rates of decline between different towns. The curve of Beijiao was more symmetrical, that is, the rates of increase and decrease were both relatively consistent. Daliang and Lunjiao had similar increase and decrease rates. Comparatively, the dike-pond areas in Ronggui fell faster than those in Chencun.



We marked two types of towns on the map of Shunde District (Figure 7) based on the data in Figure 5. This figure shows that the two types have obvious spatial differences, where Class A towns are located in Western, Central and Southern parts, and Class B towns are located in the East and North of Shunde. A combination of the spatial distribution map and the statistical data of the dike-pond area proportion in each town quantitatively reflect the evolution processes of the spatial distribution patterns of dike-ponds in Shunde. From 1978 to 2016, the dike-ponds were mainly distributed in the Western, Central and Southern regions, and they spread to the East and North between 1978 and 2000. After 2000, the dike-pond area in the Eastern and Northern parts decreased at a faster rate, but the dike-pond area proportion in the Northeast gradually returned to the historical level of 1978.




3.3. Invasion Evaluation of Dike-Pond


In this study, we used the AWDII to measure the spatial pattern and extent of dike-ponds being invaded by other land use types in each period. By overlaying and analyzing the conversion of dike-ponds and non-dike-ponds between different years, the transformation of dike-pond areas in each period was obtained (Figure 8). We first calculated the LII values of each patch, and then determined the AWDII of each area, which was used to evaluate the amount of invasion experienced by dike-ponds in each region (Table 6).



Between 1978 and 1993, the AWDII of Shunde District was −1, illustrating Shunde District was not invaded during this period. Among the towns, the AWDII values of Beijiao, Daliang, Lunjiao, and Ronggui remained at −1, and it could also be observed from Figure 8 that the area of these four towns kept increasing. Xingtan and Longjiang had the largest AWDIIs in 1978–1988 and 1988–1993, respectively, showing that they had experienced serious dike-pond invasion compared to the other towns.



During 1993–2005, the AWDII values of Shunde District rose from −0.871 to −0.439, mainly due to extensive reclamation of land and urban development. Dike-ponds began to be invaded by other land types, and the protection of dike-ponds was not as good as before. Between 1993 and 2000, Lecong and Leliu were occupied more densely than the other towns. After 2000, Chencun was the most seriously invaded, the AWDII of which reached to −0.2, followed by Ronggui (−0.395) and Daliang (−0.492).



The situation of expropriation of dike-ponds in 2005–2011 was slightly better than that in 2000–2005, but the invasion degree was larger. Among the ten towns, Chencun was occupied most heavily, the AWDII value of which was as high as −0.191, followed by Beijiao (−0.232) and Ronggui (−0.258).



Up to 2016, the ecological environment caused by the dike-pond invasion by other land types had attracted the public’s eye, following the development of modernization. In recent years, the situation of dike-pond invasion has improved compared with previous periods. However, it can be clearly concluded that dike-ponds in Lecong, Longjiang and Beijiao were still invaded in spite of the control. There was obvious protection for Ronggui and Chencun on account of the low AWDII values. On the whole, the dike-ponds in Shunde District experienced steady development, rapid invasion and a gradual reduction of invasion in the period from 1978 to 2016.




3.4. Comparison of Typical Dike-Pond Trends


Two specific examples with different dike-pond evolutions were selected to describe their concrete changes. Figure 9 shows the changes in the dike-pond proportion of Xingtan and Longjiang (relative to the total area of the town) during the period from 1978 to 2016. As mentioned previously, in 1978, the proportions in Xingtan and Longjiang were 78.99% and 78.94%, respectively, which could be considered as them having the same starting point of their evolutionary trends. After approximately 40 years of development, the distribution scope in both towns has reduced. In 2016, the proportions in Xingtan and Longjiang decreased to 45.39% and slightly lower than 30%, respectively. The dike-pond change trend curves of the two towns are also displayed in Figure 9, which show that the decreasing trends of the two towns have been quite different since 1978, and especially after 1993, the dike-pond proportion of Longjiang dropped sharply. In contrast, the rate of decline of dike-ponds in Xingtan was relatively slow. Next, let us take 1993 as a boundary point, so that we further analyze two periods (i.e., before and after 1993). From 1978 to 1993, the decreasing trend of dike-pond proportion in both towns were similar, although the proportion in Xingtan was slightly lower than that in Longjiang in 1988. After 1993, the rate of decline in two towns began to diverge greatly. The decreasing rate of dike-pond proportion in Xingtan was scarcely different from that of the previous period, while Longjiang showed a drastic decline with a relatively larger rate from the previous period.



As a result of a Southern tour of the chief architect of reform and opening up to Guangdong Province in 1992, the pace of reform in the Pearl River Delta was accelerated by the major historic event. It could be inferred that the development of dike-ponds in Shunde District was mainly affected by the expansion of urban land use. Therefore, we speculate that Longjiang pushed forward a period of construction and urbanization, which meant that more dike-ponds were occupied by built-up areas after 1993.



Based on the changes of dike-ponds and the other types of land use in Xingtan and Longjiang, the reasons for the differences in their dike-pond evolutions is discussed. Xingtan, a well-known water town in the Pearl River Delta region, is densely intertwined with river networks in the Southwest of Shunde. Dike-ponds used to be the main agricultural form in Xingtan because of their contained fertile land. Since the reform and opening up, Xingtan has paid attention to the adjustment and optimization of agricultural structures while developing industry, where the science and technology industry, ecological agriculture, and water country culture form the three major industrial strategy foci of the town [60]. Table 7 shows the land use changes quantitatively in Xingtan from 1978 to 2016. In 1978, the area of dike-ponds accounted for a large proportion, 79.06%, of the total area of the town, while about 35.60% of the town’s dike-ponds were converted to built-up areas, where only slightly more than half of the dike-ponds were preserved. From 1978 to 2016, dike-ponds, cultivated lands, forests, and rivers were all converted to built-up areas to varying degrees, which increased from 2.01 to 38.69 km2, and accounted for 31.82% of the town’s total area in 2016. Despite the sharp change in dike-ponds and built-up areas, forests and rivers comprised only a little both in terms of area and proportion.



Longjiang is located in western Shunde. It has superior agricultural production conditions, and its river network is dense. When the dike-ponds in the Pearl River Delta emerged in the late Ming Dynasty [61], it also became a typical, and representative, type of argo-ecological model, which resulted in it being a major economic source. After the reform and opening up, Longjiang took manufacturing industry as the main body of economic development, the pillar industries of which include the manufacture of furniture, small household appliances, textiles, food, beverages, plastics, etc.



Table 8 shows the land use changes in Longjiang from 1978 to 2016. During this period, the proportion of dike-ponds in Longjiang decreased dramatically from 78.91% to 27.41% of the total town area. As of 2016, about 56.52% of the dike-pond area in Longjiang has been converted to built-up areas, and only about 33.29% of the dike-ponds have been preserved. While developing industry, Longjiang focused on developing its agriculture in terms of producing high yields, high quality, and high economic efficiency. Therefore, the dike-ponds and livestock breeding have been maintained. Apart from dike-ponds, a large proportion of cultivated lands and forests were converted to built-up areas, which increased from 0.63 to 38.54 km2, which account for a town proportion increase from 0.9% to 54.69%.



To sum up, the dike-pond area proportions of Xingtan and Longjiang both showed decreasing trends from 1978 to 2016, but they declined at very different rates after 1993. The rate of dike-pond curtailment in Xingtan remained steady after 1993, while that in Longjiang performed saliently.




3.5. Relationship between River Network and Dike-Ponds


In the territory of Shunde, several major rivers run through the area, which are a primary means of communication among the ten towns. The influence of the main river on each town can be considered as consistent. Outside the main river, the rivers in Shunde District are densely distributed. They compose the river network which is one of the objects analyzed in this paper. The limitation of spatial resolution made it difficult to obtain information on rivers from the KH-9 image. Visually comparing the KH-4A image obtained in 1967 and the KH-9 remote sensing image in 1978, the river network distribution in Shunde District was not significantly different between these two periods. Therefore, we used the high-resolution KH-4A image as a RS data source to obtain high-precision river network information.



The total length of the river network, the river network density (the ratio of the length of the river network to the total area of the town) and the dike-pond proportion in each town in Shunde District are shown in Table 9. Xingtan had the largest river length of 240.72 km, and its river network was also the largest, reaching 1.98 km per square kilometer. The length of the river network was only 76.67 km in Ronggui, which was the shortest, and its river network density was the smallest among the ten towns, which was only 0.96 km per square kilometer.



Comparing the dike-pond proportion in 1978 (Figure 5) with the river network information in 1967 (Table 9), in general, the trend of the river network density was in line with the trend of the dike-pond proportion (Figure 10). This means that the towns with the high density of river networks had a correspondingly larger proportion of dike-ponds. In particular, the density of river networks in Beijiao and Chencun were higher, but the proportion of dike-ponds did not correspondingly rise up. It is inferred that the relationship between the river network density and the proportion of dike-ponds in each town can be affected by other types of land use. To this end, a statistical analysis was performed on the land use classification information of 1978 in Shunde, which also considers the proportion of each type of land in each town (Table 10).



It can be concluded from Table 10 that the dike-ponds in Junan, Lecong, Leliu, Longjiang, and Xingtan accounted for the largest proportion of the total area of the town. For the other towns, cultivated land was the main land use type. This was taken as a basis to divide the towns in Shunde District into two categories. Junan, Lecong, Leliu, Longjiang, and Xingtan were classified as Class C, and the others were Class D. This has led to a deeper understanding of the C and D-class towns, of which the dominant land use types were dike-ponds and cultivated land, respectively. In practice, the rivers in the Class D towns are a rich source of water for agricultural lands other than dike-ponds. As a result, the trends of the two curves were not identical, as shown in Figure 10, when considering the proportion of dike-ponds and river network density of the two classes of towns.



The curves of the river network density and the dike-pond proportion (to the total area of the corresponding town) are shown in Figure 11. For the towns of Class C, their river network density curves are consistent with the trends of the dike-pond proportion curve, illustrating that the higher network density is, the higher dike-pond proportion is. For towns of Class D, the towns with high river network densities generally had large dike-pond proportions. In particular, Ronggui had a large dike-pond area but a low river network density. This is because Ronggui is surrounded by a main river channel, and its dike-ponds are mainly distributed along the main river channel. In the river network analysis, only the length of the river stream was considered and the main channel information was ignored, thus inferring that the main river channel had a greater impact on the distribution of dike-ponds than the inner stream of the river. It can be concluded that the river network density had the same influence on dike-ponds of both Class C and D. With an increase of river network density, the proportion of dike-ponds increase accordingly. In general, the river network density of Class C towns, dominated by dike-ponds, was higher than that of Class D.





4. Discussion


4.1. Impact of Government Policies on Dike-Pond Area Reduction


This study illustrated the government policies and river network both had significant influence on the evolution of dike-ponds in Shunde District. In order to discuss the decision-making activities of the government, especially the influence of local governments’ decision in terms of the evolution of dike-ponds in Shunde, we selected the two sites as the research objects, which had the same starting point but discrepant end points. That is, the difference of the dike-pond proportion of both towns in 1978 was relatively small, but larger in 2016 (Figure 9). In 1978, China began to implement reforms and an opening-up policy, where the south took a leading role compared with other regions in the country. As the Pearl River Delta region is at the forefront of reform and opening-up, industrial restructuring, urban development and other measures became more compact. Over the past 38 years, the proportion of built-up areas in Shunde District has increased from 1.68% to 54.43%. Under the influence of built-up areas and other types of land use, the number and spatial distribution pattern of dike-ponds in Shunde District have changed, from which it could be inferred that the country’s macroeconomic policies were inextricably linked to the evolution of dike-ponds in Shunde.



The dike-ponds in each town were analyzed, and it was shown that the total dike-pond area and its proportion (relative to the total area of the town) in different types of towns had different trends. Indeed, even in the same type of town, the evolution curve of dike-ponds was not exactly the same. The difference in the evolution of dike-ponds was closely related to the enthusiasm of local farmers for cultivation. The market demand, economic benefits, and social response brought about by farming products have a direct impact on the enthusiasm of farmers. Therefore, the policies of local government play an important, perhaps leading role, in the industrial structure and economic development of the whole region [62]. It was an important turning point in the process of China’s reform and opening up in 1992 because the pace of development began to accelerate across the country, especially in the Pearl River Delta. After reform and opening up, Xingtan and Longjiang adopted different development strategies driven by government policies in two directions. After about four decades, the two towns, which had the same evolutionary starting point, have large differences in their conservation of dike-ponds. The great policy has promoted the expansion of the built-up areas, which in turn led to a reduction of dike-pond area. It can be concluded that the country’s macroeconomic policies have had an indelible impact on dike-ponds.




4.2. Impact of River Network on Dike-Pond Distribution


Another important factor that affects dike-pond evolution is known as natural environment, more specifically, the river network. Some predecessors have conducted extensive research on the distribution area characteristics, ecological patterns, and system operation mechanisms of dike-ponds [63,64,65]. These investigations indicated that dike-ponds may be the most successful agro-ecological model for the transformation of low-lying waterlogged lands. In other words, the need for humans to transform low waterlogging land has promoted the formation and promotion of the dike-pond. From this, a main natural condition necessary for dike-pond construction must be a rich source of water.



After 1978, the dike-ponds in each town in Shunde District evolved with different trends under the influence of the national macro-policy and local government decision-making. Moreover, urbanization became a major factor in the evolution of dike-ponds after reform and opening up. Statistics showed that prior to reform and opening up, dike-ponds in Shunde District were dominant over other the types of land use in 1978. Therefore, in order to avoid the influence of other factors after the reform and opening up, the article took the dike-ponds in Shunde District that existed before the reform and explored the relationship between the distribution of the river network in Shunde District and the distribution of dike-ponds. More precisely, we explored the distribution of dike-ponds of the various towns in Shunde District in 1978 and the relationship with the river network distribution during this period. From what the study showed in 3.5, it can be inferred that the proportion of dike-ponds increase synchronously with a rise of river network density. Therefore, river network is another important factor besides government policies which is regarded as water resource of dike-ponds helping ecological cycle and large-scale development.




4.3. Impact of Rural Area Depopulation on Dike-Pond area Reduction


The migration of the rural population to the cities will affect the area of the dike-ponds from two aspects. First of all, the reduction of rural population is bound to decrease the effective development and management. The hysteretic sludge cleaning of dike-ponds will directly lead to insufficient water cycle. Additionally, the yield will not be able to keep up with the requirement due to the unsatisfied feeding, which will give rise to economic benefit reduction. In this case, a large amount of area of dike-ponds can be influenced in Shunde District. Secondly, the rural area depopulation can be a stimulus to the rise of urban population, thus increasing the urban burden to some extent and speeding up the process of urbanization. In need of more living space, more dike-ponds with relatively low economic output value are invaded by expanding urban construction area. As a result, the area of dike-ponds continue to decrease transferring to built-up area.




4.4. Changes of Dike-Pond Role in Water Management


Due to the long-term waterlogging in the low-lying areas of the Pearl River Delta in history, flood disasters were frequent in the past, thus bringing about original dike-ponds that helps drainage and disaster reduction. Since 1949, flood control in China has entered a new period of development [66]. The public concentrated on the construction and reinforcement of river embankments, opened new flood discharge channels, and completed water conservancy projects. Therefore, the flood control system of major rivers has been gradually enhanced and improved. The result of this is that the role of dike-ponds was gradually weakened in flood control and disaster mitigation.



In the 1970’s and 1980’s, the dike-ponds developed into an agricultural model with higher economic benefits [14]. Combining the terrestrial and aquatic ecosystems, the utilization efficiency of freshwater resources reached optimal. Moreover, considering its large amount of storage, the dike-ponds without industrial pollution are widely regarded as one of the main freshwater sources of domestic water in rural areas. As a result, the resource-based ecological service function has become the most essential part of water management.



With the acceleration of urbanization, the area of dike-ponds has been reduced, and the fragmentation has increased. While pipelines are generally installed in rural areas to supply water by reservoirs, the function of dike-ponds cannot be underestimated conserving water storage. Because the water level in dike-ponds is artificially controlled, the water is allocated to cultivated land for agricultural irrigation besides supplying the demand for its own aquatic products. Generating convenience and benefits, the major functions of dike-ponds has been changing with time and the current situation, but have always played a significant and irreplaceable role in water management.




4.5. Limitation


The development of dike-pond system can be influenced by many factors including natural environment and socio-economic aspects. Among them, the former contains regional climate, geological conditions, river basin locations, etc., while the latter includes population, regional agricultural structure, agricultural production efficiency, urbanization process, economic structure, macroeconomic policies, and so on. In the Results part of this paper, only government policies and river network were considered and discussed. In fact, some other factors such as irreversible urbanization process, also affect the evolution of dike-ponds. Thus, more research needs to be done on the contribution of different factors to dike-pond evolution.



In addition, the paper intends to analyze the relationship between dike-pond evolution and affecting factors from a quantitative point of view in the design of the experiment. However, the number of selected objects is relatively small that is not convincing enough. For example, only two representative towns were selected in the analysis of impact of government decisions on the dike-ponds. If more than a few can be chose for comparison, it will be more completely accepted.



In terms of the above discussion, a deeper exploration can be carried out from the following research. Firstly, the multi-temporal and high spatial resolution RS images of Shunde District is supposed to be acquired to explore the evolution characteristics of the internal structure in dike-ponds, comparing the differences between towns. What is more, combining with other non-RS data like statistical yearbooks and official reports, the factors affecting the dike-pond evolution can be analyzed more thoroughly and accurately, so as to provide a more comprehensive reference for the restoration and construction of dike-ponds. Lastly, we have already discussed the evolution and its factors regarding dike-ponds as target objects in the former part. However, in turn, considering that dike-pond is a typical wetland ecosystem, the area change and fragmentation of dike-ponds will also have a feedback effect on the environment, which is a significant field we can explore.





5. Conclusions


In this paper, DISP and Landsat images were used to derive land use information over the period from 1978 to 2016. Ultimately, seven land use maps were produced to extract the dike-pond distribution, which had a classification accuracy greater than 89% and a kappa coefficient of more than 0.86.



The results of comparison among the seven chosen periods indicate that the area of dike-ponds in 2016 was significantly reduced, and fragmentation had increased compared with that in 1978, after 38 years of development. It was seen that most of the dike-ponds that had disappeared by 2016 were due to their conversion into built-up areas, and to a lesser degree, cultivated land. Among the ten administrative regions in Shunde District, two main classes were constructed to describe the trend of dike-pond area proportion change of each town: Class A, where the proportion of dike-ponds continuously decreased, and Class B, where the proportion of dike-ponds increased first and then decreased. Combined with the calculated AWDII values, the dike-ponds in Shunde District experienced three main phases over the past 38 years: steady development, rapid invasion and a gradual reduction of invasion by other land use types. It indicated that AWDII are of great significance to explain other types of wetlands with fluctuated and complex trends. There are some main factors that may affect the evolution of dike-pond, namely government policies, the river network, and rural area depopulation, which all belong to socio-economic and the natural environmental factors.



To overcome the situation where dike-ponds showed a decreasing trend caused by continuous urbanization and intemperate cultivation, the harmony should be made a priority between economic development and ecological environment. Based on free satellite data and open source software, the processing workflow and eventual results can be used generally for spatio-temporal monitoring wetland evolution, more rational water resource management as well as supporting directives for the conversation of inland freshwater ecosystem.
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Appendix A. Error Matrix of Classification Accuracies in Shunde District from 1978 to 2016
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Table A1. Error matrix of classification in 1978.






Table A1. Error matrix of classification in 1978.





	
Sample Number

	
Evaluated Image




	
River

	
Forest

	
Built-up Area

	
Cultivated Land

	
Dike-Pond

	
Sum






	
Reference image

	
River

	
57

	
1

	
3

	
1

	
2

	
64




	
Forest

	
0

	
56

	
1

	
2

	
0

	
59




	
Built-up area

	
6

	
1

	
76

	
2

	
0

	
85




	
Cultivated land

	
0

	
3

	
2

	
64

	
2

	
71




	
Dike-pond

	
2

	
0

	
0

	
3

	
83

	
88




	
Sum

	
65

	
61

	
82

	
72

	
87

	
367




	
Producer’s accuracy

	
94.00%

	
100.00%

	
96.60%

	
100.00%

	
100.00%

	
-




	
User’s accuracy

	
100.00%

	
100.00%

	
96.60%

	
95.00%

	
100.00%

	
-




	
Overall accuracy: 91.55%; Overall kappa coefficient: 0.894
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Table A2. Error matrix of classification in 1988.






Table A2. Error matrix of classification in 1988.





	
Sample Number

	
Evaluated Image




	
River

	
Forest

	
Built-up Area

	
Cultivated Land

	
Dike-Pond

	
Sum






	
Reference image

	
River

	
43

	
0

	
2

	
1

	
1

	
47




	
Forest

	
0

	
45

	
1

	
2

	
0

	
48




	
Built-up area

	
2

	
0

	
71

	
5

	
0

	
78




	
Cultivated land

	
1

	
2

	
0

	
72

	
1

	
76




	
Dike-pond

	
1

	
3

	
0

	
1

	
71

	
76




	
Sum

	
47

	
50

	
74

	
81

	
73

	
325




	
Producer’s accuracy

	
91.49%

	
93.75%

	
91.03%

	
94.74%

	
93.42%

	
-




	
User’s accuracy

	
91.49%

	
90.00%

	
95.95%

	
88.89%

	
97.26%

	
-




	
Overall accuracy: 92.92%; Overall kappa coefficient: 0.911
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Table A3. Error matrix of classification in 1993.






Table A3. Error matrix of classification in 1993.





	
Sample Number

	
Evaluated Image




	
River

	
Forest

	
Built-up Area

	
Cultivated Land

	
Dike-Pond

	
Sum






	
Reference image

	
River

	
61

	
1

	
2

	
1

	
1

	
66




	
Forest

	
0

	
67

	
1

	
2

	
1

	
71




	
Built-up area

	
4

	
0

	
74

	
0

	
0

	
78




	
Cultivated land

	
1

	
2

	
2

	
83

	
1

	
89




	
Dike-pond

	
2

	
3

	
2

	
1

	
91

	
99




	
Sum

	
68

	
73

	
81

	
87

	
94

	
403




	
Producer’s accuracy

	
92.42%

	
94.37%

	
94.87%

	
93.26%

	
91.92%

	
-




	
User’s accuracy

	
89.71%

	
91.78%

	
91.36%

	
95.40%

	
96.81%

	
-




	
Overall accuracy: 93.30%; Overall kappa coefficient: 0.916
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Table A4. Error matrix of classification in 2000.






Table A4. Error matrix of classification in 2000.





	
Sample Number

	
Evaluated Image




	
River

	
Forest

	
Built-up Area

	
Cultivated Land

	
Dike-Pond

	
Sum






	
Reference image

	
River

	
55

	
1

	
3

	
2

	
1

	
62




	
Forest

	
0

	
55

	
3

	
0

	
4

	
62




	
Built-up area

	
0

	
1

	
61

	
1

	
3

	
66




	
Cultivated land

	
0

	
1

	
0

	
71

	
3

	
75




	
Dike-pond

	
2

	
3

	
2

	
1

	
69

	
77




	
Sum

	
57

	
61

	
69

	
75

	
80

	
342




	
Producer’s accuracy

	
88.71%

	
88.71%

	
92.42%

	
94.67%

	
89.61%

	
-




	
User’s accuracy

	
96.49%

	
90.16%

	
88.41%

	
94.67%

	
86.25%

	
-




	
Overall accuracy: 90.94%; Overall kappa coefficient: 0.886
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Table A5. Error matrix of classification in 2005.






Table A5. Error matrix of classification in 2005.





	
Sample Number

	
Evaluated Image




	
River

	
Forest

	
Built-up Area

	
Cultivated Land

	
Dike-Pond

	
Sum






	
Reference image

	
River

	
38

	
2

	
0

	
5

	
1

	
46




	
Forest

	
1

	
46

	
2

	
0

	
0

	
49




	
Built-up area

	
2

	
1

	
65

	
1

	
3

	
72




	
Cultivated land

	
1

	
1

	
1

	
51

	
3

	
57




	
Dike-pond

	
0

	
3

	
1

	
3

	
64

	
71




	
Sum

	
42

	
53

	
69

	
60

	
71

	
295




	
Producer’s accuracy

	
82.61%

	
93.88%

	
90.28%

	
89.47%

	
90.14%

	
-




	
User’s accuracy

	
90.48%

	
86.79%

	
94.20%

	
85.00%

	
90.14%

	
-




	
Overall accuracy: 89.49%; Overall kappa coefficient: 0.868
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Table A6. Error matrix of classification in 2011.






Table A6. Error matrix of classification in 2011.





	
Sample Number

	
Evaluated Image




	
River

	
Forest

	
Built-up Area

	
Cultivated Land

	
Dike-Pond

	
Sum






	
Reference image

	
River

	
53

	
0

	
0

	
1

	
3

	
57




	
Forest

	
0

	
45

	
1

	
1

	
0

	
47




	
Built-up area

	
1

	
2

	
76

	
2

	
1

	
82




	
Cultivated land

	
1

	
3

	
2

	
83

	
2

	
91




	
Dike-pond

	
2

	
1

	
1

	
1

	
70

	
75




	
Sum

	
57

	
51

	
80

	
88

	
76

	
352




	
Producer’s accuracy

	
92.98%

	
95.74%

	
92.68%

	
91.21%

	
93.33%

	
-




	
User’s accuracy

	
92.98%

	
88.24%

	
95.00%

	
94.32%

	
92.11%

	
-




	
Overall accuracy: 92.90%; Overall kappa coefficient: 0.910
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Table A7. Error matrix of classification in 2016.






Table A7. Error matrix of classification in 2016.





	
Sample Number

	
Evaluated Image




	
River

	
Forest

	
Built-up Area

	
Cultivated Land

	
Dike-Pond

	
Sum






	
Reference image

	
River

	
51

	
0

	
1

	
1

	
2

	
55




	
Forest

	
0

	
47

	
2

	
0

	
1

	
50




	
Built-up area

	
1

	
2

	
64

	
3

	
2

	
72




	
Cultivated land

	
1

	
3

	
2

	
73

	
1

	
80




	
Dike-pond

	
3

	
1

	
1

	
2

	
69

	
76




	
Sum

	
56

	
53

	
70

	
79

	
75

	
333




	
Producer’s accuracy

	
92.73%

	
94.00%

	
88.89%

	
91.25%

	
90.79%

	
-




	
User’s accuracy

	
91.07%

	
88.68%

	
91.43%

	
92.41%

	
92.00%

	
-




	
Overall accuracy: 91.29%; Overall kappa coefficient: 0.890
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Figure 1. Location of the study area. 
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Figure 2. Workflow of the research. 
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Figure 3. Distribution of dike-pond in Shunde District from 1978 to 2016. 
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Figure 4. Changing area of land use types in Shunde District between 1978 and 2016. 
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Figure 5. Stacked bar graph of dike-pond area of the 10 towns in Shunde District from 1978 to 2016. 
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Figure 6. Two different evolution trends of dike-pond proportion in each town. 
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Figure 7. Spatial distribution of the Class A and Class B towns in Shunde. 
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Figure 8. Dike-pond expansion/invasion during each period. 
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Figure 9. Comparison of dike-pond area proportions in Xingtan and Longjiang from 1978 to 2016. 
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Figure 10. The relationship between river network density in 1967 and the dike-pond proportion in each town in 1978. 
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Figure 11. The relationship between river network density and dike-pond proportion. 
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Table 1. Summary of the data used and pre-processing steps taken in this study.
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Satellite

	
Sensor

	
Acquisition Time

	
Geometric Correction

	
Image Mosaic

	
Image Clipping

	
Image Fusion






	
DISP

	
KH-4

	
1967-12-18

	
√ *

	
√

	
√

	
√




	
KH-9

	
1975-12-17/1976-01-18

	
√ *

	
√

	
√

	
√




	
Landsat

	
MSS

	
1978-11-02

	
√

	
×

	
√

	
√




	
TM

	
1988-12-10, 1993-11-22, 2000-09-14, 2005-07-18, 2011-06-01

	
√

	
×

	
√

	
×




	
Landsat

	
OLI

	
2016-12-07

	
√

	
×

	
√

	
×








Note: √ means the pre-processing step was implemented; × means the pre-processing step was not implemented; * means image rotation was implemented before geometric correction.
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