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Abstract

:

River systems are crucial for the Earth system. However, they are profoundly impacted by human activities, especially land use change. To reveal the impact of land use change on river systems, river system data and land use data in Suzhou City from the 1960s to 2010s were analyzed through grid river density on a 3 km × 3 km scale. The spatial-temporal variation was very different for different river orders. The lower the river order, the larger was the variation in the accumulated length (including both an increase and a decrease). The river systems were modified to meet the needs of human development in different social development stages. During the period of agricultural modification, undeveloped land was reclaimed to increase the amount of arable land available, but when the proportion of cultivated land exceeded a threshold level, higher order rivers were invaded, cut off and even buried, which forced a part of the higher order rivers to transform into narrower rivers. During the period of urbanization, higher order rivers were usually dredged, reconstructed and protected to improve the abilities of storage and discharge, and lower order rivers were buried after 40% of the land proportion had been built up. These results provide a reliable foundation on which to formulate policies and manage river systems.
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1. Introduction


The surface landscape is often fundamentally altered during economic and social development, and quantity, morphology, and structure of river systems are usually inadvertently influenced along with land use change [1,2,3]. Strahler [4] initially outlined erosion and aggradation as system responses when a steady state was upset by human activities. Wolman [5] further revealed how river channels respond to three stages of urban development: an equilibrium pre-development stage; a period of construction during which bare land is exposed to erosion, leading to sedimentation within river channels; a stage of urban landscape that is dominated by an impervious surface, leading to increased runoff and decreased sediment production, followed by continued river channel erosion from increased runoff coupled with a decline in sediment that yield enlarged river channels. A compilation of research results from more than 100 studies all over the world found that persistence of the sediment production phase varied from months to several years, whereas several decades were likely needed for enlarging river channels to stabilize and potentially reach a new equilibrium [6]. The hydro-geomorphic response to land use change is further amplified when river systems are deliberately modified—to meet the needs of human development (e.g., agricultural modification, industrialization, urbanization)—through reshaping, widening, occupation and burial, etc. [7], and has been identified as one of the most widespread and dramatic influences on river systems since the middle of the twentieth century [1].



In Nurmijarvi (Southern Finland), the number and length of open ditches decreased by 88% (from 323 to 40) and 69% (from 97,896 m to 30,537 m), respectively—caused by agricultural modification from 1954 to 1997—and on average about 500 m/ha of open ditches have been replaced by subsurface drains over the state [8]. A similar phenomenon occurred in the Lake Thunderbird Watershed (Oklahoma, USA) where almost 25% of the river length was lost from 1942 to 2011; most river losses were replaced by agriculture. Furthermore, urban development has gradually increased river loss and disconnection [3]. As urban development has intensified, the size, shape, and connectivity of urban water bodies (rivers, lakes, wetlands and so on) are increasingly different from that of undeveloped landscapes, and surface water distribution in cities is more similar to each other than that of their surrounding landscapes. This phenomenon has been verified by comparing water bodies of 100 U.S. cities with their surrounding undeveloped land. The river density and water surface rate decreased by 71% and 89%, respectively, compared to that of undeveloped land; however, urbanization has increased the occurrence of surface water in drier landscapes [9]. A sharp decrease in river channels has led to an increase in the number of urban river deserts (i.e., areas within a watershed that exhibit no surface river channels due to the effects of human development and population growth) [7,10] and a heavy dependence on engineered subsurface water conveyance systems, creating what has been referred to as urban karst [11]. However, as time goes on, aging and poorly maintained underground pipes are no longer able to function, inflicting more pressure on the already reduced river systems.



As river systems have a fundamental role in the movement of organisms and dead matter [12], being an important carrier of water source, river channel and riparian zone [13], the status of river systems is closely related to water resources [14,15], the water environment [16], and the water ecosystem [8,17]. It is necessary to analyze the form and processes of river systems in the past, present, and future to reveal the interrelationship between the evolution of river systems and human activities, especially land use change [18]. This will allow us to learn and adjust what we are doing so as to get the best out of the river systems [19,20].



In previous studies, watersheds [21], water conservation zones [22,23], and districts [24,25] were usually used as the basic unit for calculating river density and other characteristic indexes of river systems [26]. It is difficult to depict exactly the temporal and spatial characteristics of river systems due to the coarser spatial scale and the limited number of analyzing samples [27]. In this study, we have presented and applied a method of grid river density on a river network plain in Eastern China to reveal the impact of land use change on a river system in Suzhou City, a city that has gone through a period of rapid population growth and human development.




2. Study Area


Suzhou City, located in Eastern China, is surrounded by the Yangtze River, Tai Lake, and Hangzhou Bay, and covers an area of 8639 km2. There are six counties under the jurisdiction of Suzhou City: Zhangjiagang, Changshu, Taicang, Kunshan, Suzhou, and Wujiang (Figure 1). Across Suzhou City, the landform is made up of plains, waters, and hills, accounting for 55%, 42%, and 3% of the study area, respectively. The highest elevation is 341.70 m above sea level, located on the eastern bank of Tai Lake, and the average elevation is 7.97 m above sea level. The climate type belongs to the subtropical monsoon climate with a multi-year average precipitation of 1100 mm. The rainy days and precipitation amount are mainly concentrated in the flood season, including plum rain (May to June) and typhoon rain (July to September), which account for 61% of the annual precipitation. Special topography and climate conditions have formed densely covered lakes and rivers and the region is typical with a river network plain. Based on materials in the 1960s and 2010s (waters of the Yangtze River and Tai Lake were excluded), the average river density was 3.85 km/km2 and 3.36 km/km2 and the average water surface ratio was 11.31% and 9.56%, respectively.



Suzhou City was selected as the study region because it (1) is a well-known region in China that is crisscrossed with water; (2) is currently one of the most developed regions in China; (3) has experienced in a short time two historic transformations, one to a traditional agriculture-based society and then one to a modern urbanized society. It should be noted that the study area did not contain waters of the Yangtze River and Tai Lake.




3. Materials and Methods


3.1. Land Use Data


Landsat 5 images (Thematic Mapper, TM) from 1983 and Landsat 8 images (Operational Land Imager, OLI) from 2014 were provided by Geospatial Data Cloud site, Computer Network Information Center, Chinese Academy of Sciences (http://www.gscloud.cn), which was systematically done using radiation calibration and geometric correction. Moreover, the spatial resolution of remote sensing images is 30 m, and the geographic coordinate system is the World Geodetic System 1984 and the projected coordinate system is the Universal Transverse Mercator.



Firstly, the remote sensing images were pretreated by layer stack, mosaic, mask, and so on; then, they were classified into the same four land use types: cultivated land, woodland, built-up land, and open water, by unsupervised classification in ERDAS IMAGINE software (version 9.2, Intergraph, Atlanta, GA, USA). Up to 200 test samples were randomly selected to assess the accuracy of the classification results in 1983 and 2014. Comparing the classification results with reference data (through visual interpretation), the results showed that the overall accuracy was 0.81 in 1983 and 0.80 in 2014, and the kappa coefficient was 0.64 in 1983 and 0.70 in 2014. Therefore, the quality of the classification results was very good and reliable.




3.2. River System Data


River system data were extracted from topographic maps at a 1:50,000 scale. Since compiling a topographic map needs several months or years at the early ages, the topographic maps of the study area spanned several years. Therefore, the river system data were named after chronology in this study. The river system data in the 1960s and 1980s were digitized from paper topographic maps compiled during 1964–1969 and 1978–1983, respectively. The river system data in the 2010s were derived from digitalized topographic maps compiled in 2014.



River systems are composed of planar rivers and linear rivers, according to the drawing specification of a topographic map. In practical terms, the area of the lake and reservoir was greater than 2500 m2. The planar river comprised a river and canal with a width greater than 20 m and is drawn on the map in a scale according to real spatial distribution and shape. For the linear river, the width of the river was between 10 m and 20 m and the width of the canal was less than 10 m; they are drawn as unified bold lines and fine lines, respectively [28,29].



As the flow direction of the rivers in Suzhou City is a rectilinear current affected by tide and the river network belongs to a trellis drainage pattern, the rivers cannot be graded by the Strahler method or the Shreve method. Because of the same difficulty in ordering rivers in Shanghai City, which abuts Suzhou City, the Shanghai Water Authority devised a river classification system that considers both natural features and the social roles of rivers, i.e., first-order (village level), second-order (town level), third-order (district level), and fourth-order (city level) rivers. This river classification system has been extended and applied in the Yangtze Delta, such as Suzhou, Wuxi, and Ningbo cities [22,30]. In this study, we borrowed this river classification system and defined a planar river as a first-order river (trunk river), bold line river as a second-order river (first tributary), and fine line river as a third-order river (second tributary), considering both the width and social attribute of the rivers (Table 1).




3.3. Grid River Density


The grid river density (GRD) is a method to describe the quantitative characteristics of river systems in a grid. All operations of this method can be performed on ArcMap software (version 10.0, Environmental Systems Research Institute, Redlands, CA, USA) as follows:




	(1)

	
Generating square boxes with side length ε through the Create Fishnet function, and each square box corresponding to a unique binary code.




	(2)

	
Extracting the square boxes that intersect with the river systems through the Intersect function.




	(3)

	
Calculating river density in each square box (i.e., the river density is equal to river length per area in a box scale) through the Field Calculator function.




	(4)

	
Determining the optimal grid scale for calculating GRD. The approach is shown below:









There was a tendency that the mean GRD decreased with grid size (i.e., 1.0, 1.5, …,10.0 km), and the relationship between mean GRD and grid size was well fitted by the power function at each time (Figure 2), which indicates that the mean GRD has a scale effect [29,31]. The mean of the change-point method is a mathematical statistics method used to work out a turning point from steeply decreasing/increasing to gently decreasing/increasing of a fitted curve for nonlinear data, and the turning point is regarded as the optimal grid scale for calculating river density [32,33]. The mean of the change-point method can be described by the following equations:
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where N is the sample number;   X ¯   is the sample mean; S is the square sum of deviations; i = 2,…,N; and Si is the difference between a sample’s two parts.





4. Results


4.1. Land Use Change


A transfer matrix of land use was constructed to quantitatively reflect the land use change from 1983 to 2014 (Table 2). Over time, land use was obviously different within the study area. The proportion of woodland and open water increased by 2.55% and decreased by 3.50% between 1983 and 2014. By contrast, land use change occurred mainly in cultivated land and built-up land. In 1983, the proportion of cultivated land was 62.05% while the proportion of built-up land was only 10.12%. Built-up land was concentrated in the older sections of Suzhou County (Figure 3). These indicated that cultivated land was the main land use type and agricultural production was a dominant part before 1983. As time went on, the proportion of cultivated land fell to 31.56% by 2014; the reduced cultivated land was converted mainly to built-up land. At the same time, the built-up land displaced cultivated land and turned to be the largest land use type; the proportion of built-up land increased to 41.55%. Such evidence indicates that Suzhou City experienced a transformation from an agrarian, rural economy to a highly urbanized economy from 1983 to 2014.




4.2. River Systems Change


4.2.1. River Systems Change in Length


The length of the total rivers approximated 22,408 km by the 1960s but increased to 23,988 km by the 1980s and decreased to 21,379 km by the 2010s. Along with the time, the length of the first-order river firstly decreased slightly and then increased slightly while the length of the second-order river continued to fall substantially. However, the length of the third-order river firstly increased sharply and then decreased substantially (Figure 4). That is, agricultural modification (during the 1960s–1980s) was associated with a decrease in the length of the first-order river and second-order river but with an increase in the length of the third-order river; however, urbanization (during the 1980s–2010s) was associated with an increase in the length of the first-order river but with a decrease in the length of the second-order river and third-order river.




4.2.2. Optimal Grid Scale


The existence of a turning point would make a growing gap between S and Si; therefore, the maximum difference value at a point was the turning point [29,32,33]. The difference value between S and Si firstly increased and then decreased and the maximum difference value was at point 6 for each time, i.e., the optimal grid scale for calculating GRD was 3 km × 3 km, as shown in Figure 5.




4.2.3. River Systems Change in GRD


The GRD was calculated on a 3 km × 3 km scale to reflect the spatial change of the river system, as shown in Figure 6. Different orders of rivers were remarkably different in the GRD changes during each period, as shown in Figure 6. For the first-order river, the decreased parts were slightly more than the increased parts during the 1960s–1980s with the opposite happening during 1980s–2010s; the increased parts focused on urban centers and neighboring areas (Figure 6a,b). The second-order river mostly decreased in GRD for each period, and the decreased parts during the 1960s–1980s were slightly more than during the 1980s–2010s (Figure 6c,d). For the third-order river, the GRD increase occurred in 71% of the region of the study area during the 1960s–1980s, while the GRD decrease occurred in 54% of the region of the study area during 1980s–2010s (Figure 6e,f). For total rivers, the GRD was mostly increased during the 1960s–1980s, and the increased parts accounted for 64% of the grids (Figure 6g). However, the GRD was almost opposite to the previous period during the 1980s–2010s; the increased parts accounted for only 38% of the grids while 61% of the grids decreased (Figure 6h).



For the variation in river length at a 3 km × 3 km scale, the length of the first-order river varied within a narrow range in both periods; the massive decrease in length of the second-order river and the massive increase in length of the third-order river were remarkable characteristics during the 1960s–1980s. The lengths of the second-order and third-order river were all decreased during the 1980s–2010s, and the decrease in length of the third-order river was more than that of the second-order river (Figure 7). Moreover, the lower the order of the river, the larger was the variation in the accumulated length (including increase and decrease). In addition, the accumulated length variation of the total rivers during the 1960s–1980s was greater than during the 1980s–2010s, which indicates that the river systems were more seriously transformed and disturbed during the agricultural modification period than during the urbanization period.






5. Discussion


5.1. Relationship between the Proportion of Cultivated Land and the Evolution of River Systems


In 1983, the proportion of built-up land was only 10.12% while the proportion of cultivated land was up to 62.05% (Table 2), which indicates that agriculture played a decisive role in the economic and social developments before 1983.



Figure 8 shows the relationship between the proportion of cultivated land and the corresponding mean GRD of the river system on a 3 km × 3 km scale in 1983. The mean GRD of the total rivers continued to increase until the proportion of cultivated land was 90%, and the increasing trend became slower as a whole. For different orders of rivers, the mean GRD firstly increased and then showed different change characteristics, i.e., the mean GRD of a first-order river and second-order river went down with a turning point at 70% and 80% cultivated land proportion, respectively, while the third-order river speeded up with a turning point at 80% cultivated land proportion. These results concur with those of Han et al. [21,34] who found that an increased river density was associated with agricultural water conservancy construction in the 1980s. Moreover, we speculate that undeveloped land was reclaimed to increase the amount of available arable land [25], but when the undeveloped land had been fully developed, the riverbanks were then reclaimed. In other words, when the proportion of cultivated land exceeded a threshold level, the higher order rivers were invaded, cut off, and even buried, which forced a part of the higher order rivers to transform into narrower rivers. However, in the agricultural areas of developed countries, rivers (including open ditches and channels) were replaced with subsurface drains [8] or were even buried [35] to provide more efficient access to the land. Therefore, the river system evolution varies from region to region under different agricultural modes.




5.2. Relationship between the Proportion of Built-Up Land and the Evolution of River Systems


The proportion of built-up land increased from 10.12% to 41.55% between 1983 and 2014, while the proportion of cultivated land decreased from 62.05% to 31.56% (Table 2). The land urbanization level (i.e., built-up land proportion) is an important indicator to estimate the level of urbanization [36]. Han et al. [21] used this indicator to estimate the urbanization level of counties in the Yangtze River Delta and defined counties with a land urbanization level under 30% as a low urbanization level and over 40% as a high urbanization level. Therefore, Suzhou City experienced a sharp urbanization process between 1983 and 2014.



Previous researchers showed that urbanization has a profound impact on river systems, and most researchers have concentrated on correlations between river indicators and impermeable surface coverage in watersheds or districts [20]. Figure 9 shows the relationship between the proportion of built-up land and the corresponding mean GRD of river systems on a 3 km × 3 km scale in 2014. The mean GRD of a first-order river and second-order river increased until the proportion of built-up land was 20%, and then smoothly fluctuated and tended to weakly decrease with an overall increase in the proportion of built-up land. However, the mean GRD of a third-order river first sharply increased and then continuously decreased; the corresponding turning point was a 40% proportion of built-up land. Similar results have been found in previous studies. The larger rivers (or higher order rivers) were usually dredged and reconstructed to meet the needs of flood protection and drainage during low urbanization levels in the Hangzhou-Jiaxing-Huzhou Plain [26] and the Tai Lake Watershed [28]. Moreover, in heavily urbanized portions of the Gunpowder-Patapsco Watershed, larger rivers were protected from burial by prominent riparian zones and environmental legislation [12]. In contrast, smaller rivers (or lower order rivers) were more extensively buried than larger rivers [3] and the difference increased with increasing impervious surface coverage in the Chesapeake Bay Watershed [35] and the Nansi Lake Basin [12]. In addition, some smaller rivers were widened and changed into larger rivers to improve the abilities of storage and discharge [28].



It should be noted that with urbanization proceeding, there will more and more regions where the proportion of built-up land exceeds 40%, and more and more third-order river will be disturbed if we do not start to protect them now.




5.3. Analysis Accuracy and Uncertainty


River density is the most commonly used indicator for revealing the impact of land use change on river systems. In previous studies, watersheds [21], water conservation zones [22,23], and districts [24,25] were usually used as the basic unit for calculating river density. However, there are some limitations with these approaches, such as limited samples (from a few to hundreds of samples) and incompatible basic units (various areas for analysis units). Therefore, it is difficult to exactly depict the temporal and spatial characteristics of river systems. Accordingly, the analysis results about the relationship between land use change and river systems remain a great uncertainty. In this study, we presented a method of GRD that describes quantitative characteristics of river systems in an optimal grid scale. There are up to 826 samples in the study area and under the same analysis unit (3 km × 3 km grid). Moreover, it is easy to perform computation between GRD and raster data (e.g., land use data).



In this study, the phenomena and corresponding results only statically reflect the relationship between the proportion of cultivated land/built-up land and the evolution of river systems in 1983 and 2014 but is not enough to explain the impact of land use change on river systems during the agricultural modification/urbanization period. In addition, previous studies have demonstrated that the decision to change rivers can also be influenced by other regional landscapes, such as mean annual precipitation and soil type [35]. Therefore, further research should complete a comprehensive analysis (including natural and anthropogenic factors) to understand the mechanisms of river system evolution.





6. Conclusions


In this paper, river system evolution from the 1960s to 2010s in a river network plain was investigated, the temporal and spatial characteristics of river systems were analyzed through grid river density on a 3 km × 3 km scale, and the impacts of land use change on river systems in typical years were explored. The conclusions are as follows:




	(1)

	
The length of the total rivers approximated 22,408 km by 1960s but increased to 23,988 km by 1980s and decreased to 21,379 km by 2010s. The grid river density of the total rivers was mostly increased during the 1960s–1980s but was almost opposite to the previous period during the 1980s–2010s. The spatial-temporal variation is very different for different order rivers.




	(2)

	
The lower the order of the river, the larger was the variation in the accumulated length (including increase and decrease). River systems were transformed and disturbed more seriously during the agricultural modification period (1960s–1980s) than during the urbanization period (1980s–2010s), based on the variation in the accumulated length of the total rivers.




	(3)

	
The river systems have been modified to meet the needs of human development in different social development stages. During the period of agricultural modification, undeveloped land was reclaimed to increase the amount of available arable land but when the proportion of cultivated land exceeded a threshold level, higher order rivers were invaded, cut off and even buried, which forced a part of higher order rivers to transform into narrower rivers. During the period of urbanization, higher order rivers were usually dredged, reconstructed and protected to improve the abilities of storage and discharge, and lower order rivers were buried after the proportion of built-up land exceeded 40%.




	(4)

	
Compared with the traditional river density which concerns watersheds, water conservation zones, and districts as the basic unit, grid river density can quantify the spatial distribution of river systems on a finer spatial scale and can acquire more samples and higher analysis accuracy. Moreover, it is easy to perform a computation between grid river density and raster data (e.g., land use data).
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Figure 1. Location of the study area. The trunk river shown in the figure is based on the data of the river systems in the 2010s. In order to represent a dense river system and a low and flat terrain as well, the digital elevation model (DEM) does not cover the trunk river and water area over the study area. 
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Figure 2. Mean grid river density of the study area in different grid sizes. Grid size increased from 1.0 km to 10.0 km in 0.5 km increments. The relationship between mean grid river density (GRD) and grid size was well fitted by the power function at each time. 
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Figure 3. Land use maps of the study area in 1983 (a) and 2014 (b) at a 30-m resolution. 
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Figure 4. River systems changed in length at each time. 
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Figure 5. Change curve of the difference value between S and Si at each time. 
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Figure 6. River system changes in grid river density during the 1960s–1980s (a, c, e, g corresponding to first-order river, second-order river, third-order river and total river, respectively) and the 1980s–2010s (b, d, f, h corresponding to first-order river, second-order river, third-order river and total river, respectively). Each pie-chart in the lower right corner of the grid river density chart represents the percentage of grid river density that decreased, increased, or was unchanged. 
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Figure 7. River length changes during the 1960s–1980s (a) and the 1980s–2010s (b), using a 3 km × 3 km grid as the basic statistical unit. Note that (a, b) have the same vertical axis. 
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Figure 8. Relationship between the proportion of cultivated land and the evolution of river systems. Note that the label “10” on the horizontal axis shows that the cultivated land proportion for a 3 km × 3 km grid is greater than or equal to 0 and less than 10, and so on. 
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Figure 9. Relationship between the proportion of built-up land and the evolution of river systems. Note that the label “10” in the horizontal axis shows that the built-up land proportion for a 3 km × 3 km grid is greater than or equal to 0 and less than 10, and so on. 
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Table 1. River systems were graded according to the width and social attribute.
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	River Order
	River Type
	Width/m
	Graphical Representation
	Social Attribute





	1
	Trunk river
	>20
	Planar river
	Discharging flood



	2
	First tributary
	10 to 20
	Bold line river
	Regulating and storing flood



	3
	Second tributary
	<10
	Fine line river
	Regulating and storing flood
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Table 2. Transfer matrix of land use (%). Each cell in the matrix represents how land cover changed between two land use types between 1983 and 2014.
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Land Use Type

	
1983




	
Cultivated Land

	
Woodland

	
Built-Up Land

	
Open Water

	
Total






	
2014

	
Cultivated land

	
23.95

	
2.10

	
2.09

	
3.41

	
31.56




	
Woodland

	
5.89

	
1.99

	
1.14

	
1.25

	
10.28




	
Built-up land

	
27.10

	
3.02

	
6.24

	
5.19

	
41.55




	
Open water

	
5.10

	
0.62

	
0.64

	
10.25

	
16.60




	
Total

	
62.05

	
7.73

	
10.12

	
20.10

	
100%
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