The variation in processes of river connectivity in the Jingjiang River and its influencing factors from 1955-2015
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Abstract: Rivers with good connectivity are conducive to the development of various functions of rivers, such as hydrological regulation and storage, water and sediment transport, and ecological environment. Human activities have greatly reduced the sediment load in the Yangtze River Basin and have changed the channel connectivity of the Jingjiang River. In this paper, the analytic hierarchy process (AHP) is used to establish the assessment model of channel connectivity based on the river function. Then, combined with the flow, sediment and boundary data of the main hydrological stations, we analyze the variation in processes of the channel connectivity of the Jingjiang River from 1955 to 2015. The results show that the change in process of channel connectivity of the Jingjiang River is basically the same in different reaches. The value of the comprehensive function of connectivity increases gradually with time and is greater than 1.0 after 1990, indicating that the channel connectivity has improved. Spatially, the Shashi-Jianli reach has the best connectivity, while the Zhicheng-Shashi reach has the worst connectivity. In addition, reservoir construction and river straightening are the main factors affecting the channel connectivity of the Jingjiang River system. Soil and water conservation changes the channel connectivity by changing the water and sediment yield, which is the secondary factor. The study means, method and achievement are universally applicable to the evaluation of other channel connectivity.
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1 Introduction
A river is regarded as a whole system in the principle of river continuum, and the channel connectivity is the basis of judging the regional continuity (Robin L, et al, 1980; Leigh C, 2009). The connectivity of the water system refers to the smoothness of the interconnection between water system units, which is the basic attribute of river systems and plays an important role in the ecological environment, material transport and energy cycle of rivers (Pringle C, 2003; Pringle C, 2001). Rivers with good connectivity are conducive to the development of various functions, such as hydrological regulation and storage, water and sediment transport, and ecological environment (Michaelides K,2009; Williams, C. J.,2015).
Due to the influence of reservoir construction or soil and water conservation, the sediment load of the Yichang hydrological station is greatly reduced, which leads to significant changes in the channel connectivity of the Jingjiang River. In particular, the impoundment of the Three Gorges reservoir (TGP) in 2003 has a great impact on the runoff, sediment load and channel erosion of the Jingjiang River. The average annual runoff and sediment load of the Yichang hydrological station were 395.8 billion m3 and 46.6 million t from 2003-2013, which were 9% and 90% smaller than before operation of the TGP project, respectively. After the operation of the TGP, the sediment concentration decreased by 75%, the suspended load and bed load became coarse quickly (Zhu, 2012), and the water level changed significantly in the Jingjiang River (Geng, 2012). In addition, the Jingjiang River was in a balance of erosion and deposition basically before the impoundment of the TGP, while the erosion-accretion variation was severe after that (Xia, 2016; Chang, 2010; Chen, 2010; Xu, 2007; Dai, 2013; Yang, 2014). The scour amount of the Jingjiang River accounts for 78.9% in the Yichang-Chenglingji reach, and the scour intensity is relatively large. 
At present, the study of the Jingjiang River mainly focuses on sediment variation, riverbank failure or channel evolution, but a comprehensive study of channel connectivity is still lacking. Therefore, combined with the river's basic functions, we set up an evaluation model of the channel connectivity using the AHP method described in this paper. Based on data of the runoff, sediment load, cross-section morphological parameters, and volume of scour and fill, the variation in processes of the channel connectivity of the Jingjiang River was evaluated and analyzed from 1955-2015. 
In addition, there are some problems with channel connectivity in other basins; for example, human activities and climate change cause river channel cut-off in the Rhone, Rhine, Ain and Doubles rivers (Bornette, 2002). Due to the changes in the forest landscape pattern, landscape connectivity decreased by an average of 54.74% in the Manwan Basin (Yang, 2014). In addition, the dam is a strong disconnecting factor in the longitudinal sediment connectivity in the Kaja river (Bertsch R, 2012). The flow connectivity, water discharge, and flood pulse changed in the Paraná River after closure of the Porto Primavera Dam (José C, 2009). After the implementation of the water-sediment regulation by the Xiaolangdi Reservoir, the lower reaches of the Yellow River are scoured, which leads to a change in boundary connectivity (Liu, 2013). The evaluation of the channel connectivity and the analysis of the influencing factors in this paper can also provide useful information for the connectivity of other rivers in the world. 
2 Study area
The Jingjiang River is approximately 340 km long, flowing from Zhicheng to the mouth of Dongting Lake located in Chenglingji, and it is divided into two reaches. The upper Jingjiang extends from the Zhicheng reach to Ouchikou, with a lightly curved braided river flowing over 171.5 km, while the lower Jingjiang starts at Ouchikou and ends at Chenglingji, with a typical meandering pattern approximately 175.7 km long (Fig. 1). In this paper, Zhicheng, Shashi, Jianli and Luoshan hydrological stations are selected to analyze the channel connectivity of the Jingjiang River.
The Gezhouba Water Conservancy Project is located 38 km downstream of the TGD and 64 km upstream of the Zhicheng hydrological station, and this project is the first large-scale run-of-river hydropower station on the Yangtze River with low-head and high flow. In addition, the impoundment of the TGD was finished successfully in 2003, and it is the largest water conservancy project in the world, with a total storage capacity of 39.3 billion m3. 
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Figure 1 The study area
In this paper, the runoff, sediment load and river sedimentation data are mainly from the China River Sediment Bulletin. The maximum discharge and minimum discharge of the hydrological station are mainly from the water yearbook.
3 Method
The weighted sum index based on the Analytical Hierarchy Process (AHP) is useful in river connectivity, which is a systematic method that approaches decision-making problems using multiple criteria (Saaty, 1980, 2005). When using this approach, a hierarchical indicator system must be constructed. This system typically consists of three layers, from top layer to bottom layer: the objective layer, subsystem layer, and indicator layer. The weighted sum index is defined as the sum of the products of weights representing the level of importance of each subsystem to the objective layer and the normalized value of the node (Cinelli, Coles, & Kirwan, 2014). In this paper, we use the AHP to determine the weights of indicators with respect to the river's natural function. 
3.1 AHP model
Based on the composition of the water system, we constructed an index system including boundary, flow and sediment (Fig. 2a, Table 1), which can reflect the fluidity and stability of the boundary, the fluidity and continuity of water flow, the transport and exchange of sediment, etc. The matching index of sediment can reflect the channel evolution. The matching index of minimum flow can reflect whether the incoming flow meets the ecological flow. The matching index of maximum flow can reflect whether the flood is a floodplain, which can also reflect the lateral connectivity. 


Figure 2 Index system of the AHP; (a) Index System of Water System Connectivity; (b) Weight obtained by the AHP for channel connectivity
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	B=channel width, m; h=depth of water, m. J=average stream gradient, ‰; bank-full discharge (Qp); d=bed sand diameter, mm. b=width of the tributary or diversion canal, m; and N3=the number of tributaries or diversion canals. Qc=discharge capacity, m3/s; the ecological base flow (Qe); η=water diversion ratio; Sin=sediment concentration at the entrance section; k=coefficient; and α and β=indexes.


Table 1 Channel connectivity index system
In the AHP model, channel connectivity is regarded as the objective layer. Boundary, flow and sediment are connected as the second layer, namely, the subsystem layer t. Among all kinds of indexes, the boundary connectivity indexes include the stability coefficient C1 and stream gradient C2. The flow connectivity indexes include discharge capacity C3, runoff C4, matching index of maximum flow C5, and matching index of minimum flow C6. The sediment connectivity indexes include sediment load C7 and sediment matching index C8, and all kinds of indexes are listed as the third layer, namely, indicator layers (Fig. 2a). 
3.2 Judgment matrix and weight coefficient
The establishment of a connectivity judgment matrix is the key to the AHP model. In this paper, drawing on previous research results, we obtain the judgment matrix by comparing the connectivity indicators at different levels based on the river’s basic functions. The specific analysis is as follows.
The continuity and mobility of water flow are the basis of river health. On the one hand, water conveyance and sediment transport are the most important functions of rivers; on the other hand, sediment transport and channel evolution also require power or energy generated by the water flow. Therefore, water flow connectivity is more important than boundary connectivity and sediment connectivity. In addition, the balance of erosion and deposition will be disturbed if the sediment is not connected, which will change the boundary characteristics of the channel. In addition, there is no channel for water conveyance and sediment transport if the boundary is damaged, which would cause serious floods. Therefore, boundary connectivity is more important than sediment connectivity. According to the relative importance of each connectivity index, the constructed judgment matrix is shown in Table 2. The weights of boundary, flow and sediment connectivity indexes are 0.143, 0.571 and 0.286, respectively. 
Table 2 The judgment matrix and calculation results of channel connectivity 
	Channel connectivity A
	B1
	B2
	B3
	Weight
	Order
	Consistency test

	Boundary connectivity B1
	1
	1/4
	1/2
	0.143
	3
	Passed
CI≈0
CR≈0

	Flow connectivity B2
	4
	1
	2
	0.571
	1
	

	Sediment connectivity B3
	2
	1/2
	1
	0.286
	2
	


The boundary connectivity index includes the comprehensive stability coefficient C1 and the stream gradient C2, which are the basis to ensure the function of water conveyance and sediment transport, respectively. The stability of the boundary is slightly more important than the continuity of the boundary. Therefore, the weight of the stability coefficient is 0.55, and the stream gradient is 0.45.  
The judgment matrix of the flow connectivity index is shown in Table 3. Runoff C3 has the greatest impact on channel connectivity, with a weight of 0.39. The discharge capacity C4 reflects the maximum discharge that the river can transport safely, which is also important for flow connectivity, with a weight of 0.24. The matching index of minimum flow C5 is the ratio of the minimum discharge and ecological discharge; this ratio reflects the ecological function of rivers, and its weight is 0.23. The matching index of maximum flow C6 is calculated by the maximum discharge and discharge capacity. It can reflect not only the longitudinal connectivity but also the lateral connectivity between the floodplain and main channel, with a weight of 0.13. 
Table 3 The judgment matrix and calculation results of flow connectivity
	Flow connectivity B2-C
	C3
	C4
	C5
	C6
	Weight
	Order
	Consistency test

	Discharge capacity C3
	1
	0.4
	3
	1
	0.24
	2
	Passed
CI=0.0872
CR=0.0968

	Runoff C4
	2.5
	1
	3
	1
	0.39
	1
	

	Matching index of maximum flow C5
	0.33
	0.33
	1
	1
	0.13
	4
	

	Matching index of minimum flow C6
	1
	1
	1
	1
	0.23
	3
	


The sediment connectivity index includes sediment load C7 and the sediment matching index C8. The latter is calculated by the radio sediment load and sediment transport capacity, which can reflect the erosion and deposition of the river channel. Therefore, the sediment load is more important than the sediment matching index. Thus, the value of the sediment load is 0.6, and the value of the sediment transport matching index is 0.4. 
According to the hierarchical relationship of the channel connectivity index, the weight is obtained as shown in Fig. 2 (b), and the corresponding weight matrix is
	
	

	(1)


From Fig. 2b, the main influencing factors are runoff and sediment load, and the secondary influencing factor is discharge capacity.
3.3 Connectivity index dimensionless
Because of the different dimensions of each connectivity index, the index value needs to be dimensionless. The larger the index value is, the better the channel connectivity will be, and we call this a positive index. The smaller the index value is, the better the channel connectivity will be, and we call this a negative index. In addition, the closer the index value is to the intermediate critical value, the better the channel connectivity, and we call this an intermediate index. In this paper, the positive index includes the comprehensive stability coefficient, stream gradient, runoff, discharge capacity, matching index of maximum flow and matching index of minimum flow; the intermediate index is the sediment matching index; and the negative index is the sediment load. The dimensionless methods of each index are different, and the specific methods are as follows:
For the positive index, the ratio of the index value to the mean value of the sequence is taken as a quantitative index, 
	
	

	(2)


where [image: ]refers to the i-th index value and [image: ] refers to the average of the index sequence.
For the negative index, we use the same type of method to process the negative index into the positive index,
	
	

	(3)


where E’ii refers to the positive index value after quantification, Eii refers to the negative index, Emax refers to the maximum value of the negative index sequence, and Emin refers to the minimum value of the negative index sequence. Then, the dimensionless value can be obtained by Formula (2).
For the intermediate index, the processing method is used to convert the intermediate index into the negative index, that is,
	
	

	(4)


where E’iii refers to the negative index after quantification and Ec refers to the critical value of the intermediate index. Then, the dimensionless value can be obtained by Formula (2) and Formula (3).
3.4 Comprehensive evaluation function
Combining the AHP model and weight values, a comprehensive evaluation function of the channel connectivity is constructed.
	
	

	(5)


where wr refers to the weight of the connectivity index and xr refers to the index value after it processed as dimensionless.
4 Result
Based on the data of boundary, flow and sediment in recent decades, the changing process of channel connectivity of the Jingjiang River is analyzed. For the positive index, negative index and intermediate index, we will be processing the values the dimensionless treatment using the method proposed in Section 3.3. Then, the total evaluating value is calculated by the weight of each index.
4.1 Boundary index
The average stability coefficients of the Zhicheng, Shashi, Jianli and Luoshan hydrological stations in the Jingjiang reach are 0.34, 0.29, 0.27 and 0.28, respectively, which are higher than the critical value of the stability coefficient of the curved reach. There is a great difference in the change process of each hydrological station (Fig. 3a). For example, the stability coefficient of the Zhicheng hydrological station decreased slightly from 1991 to 2012, and this decrease was caused by river channel sedimentation. The stability coefficient of the Jianli hydrological station has an obvious increasing trend after 2007, which is caused by channel erosion and changes in cross-section morphology.
The Jingjiang River section belongs to a classical meandering river in the plain area, and there is no dam. Therefore, there is continuity along the river boundary, and the longitudinal connectivity index displays little change as a whole. Fig. 3b shows the variation in the stream gradient along the Jingjiang River in recent decades. The stream gradient has a significant decreasing trend after 2003.
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Figure 3 Boundary connectivity; (a) Stability coefficient; (b) Stream gradient
4.2 Flow connectivity
After the impoundment of the TGD, the downstream erosion increases the discharge capacity of the river channel. The discharge capacity of the flood channel in the Zhicheng, Shashi and Jianli hydrological stations increased from 48963 m3/s, 36495 m3/s and 32068 m3/s before 2003 to 53807 m3/s, 40105 m3/s and 33080 m3/s, respectively, after 2003. However, due to the formation of the central bar at the Luoshan hydrological station, the discharge capacity of the flood channel slightly decreased from 45500 m3/s to 43723 m3/s before and after, respectively, the reservoir impounding. In addition, according to the calculation method of ecological flow (Guo, 2007), the ecological flow is approximately 15% of the annual average runoff in the middle and lower reaches of the Yangtze River. Therefore, the ecological flows of the Zhicheng, Shashi, Jianli and Luoshan hydrological stations are 2079 m3/s, 1855 m3/s, 1696 m3/s and 3019 m3/s, respectively. 
From 1955 to 2015, the average annual runoff of the Shashi, Zhicheng, Jianli and Luoshan hydrological stations in the Jingjiang River was 390 billion m3, 437 billion m3, 358.6 billion m3 and 630.3 billion m3, respectively (Fig. 4). The annual runoff of the Jianli station tends to increase, which may be caused by the decrease in the diversion discharge. The runoff of the Luoshan hydrological station had no obvious change in trend before 1998 but the amount decreased slightly after 1998. However, there is no obvious trend of runoff at the Zhicheng and Shashi hydrological stations.
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Figure 4 The variation in annual runoff in the Jingjiang River
Before 2000, the value of the matching index of maximum flow increased slightly; however, due to the regulation of the TGD on the peak discharge, the index decreased significantly after 2003 (Fig. 5a). In addition, the value matching index of maximum flow increased before 2003, and the indexes were basically greater than 1.5, which shows that the flow discharge meets the eco-environmental water demand. However, after 2003, the value of the matching index of the minimum flow increased significantly because of the regulation of the TGD on the runoff process. The values of this index for the Shashi and Jianli hydrological stations are twice as large as they were before 2003 (Fig. 5b), showing that dam construction has certain benefits for the ecological connection of the channels downstream of the reservoir. 
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Figure 5 The variation in flow connectivity in the Jingjiang River (a) matching index of maximum flow; (b) matching index of minimum flow
4.3 Sediment connectivity
Before 1981, the annual sediment load slowly fluctuated in the Jingjiang River. After 1981, it decreased due to the Gezhouba Reservoir impoundment. After the impoundment of the TGD in 2003, a large amount of sediment load was intercepted, which led to a significant decrease of sediment load downstream of the dam (Fig. 6).
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Figure 6 The variation in sediment load
In the Zhicheng-Shashi reach, the value of the sediment matching index was approximately 1.0 before 2003. After 2003, the index decreased significantly to below 1.0 and then decreased to 0.56 in 2015, which indicated that the river reach was scoured seriously in this period (Fig. 7a). The variation in the index is consistent with the variation in river erosion and deposition. In the Shashi-Jianli reach, the average value of the sediment matching index is 1.0 before 2003, which indicates that the riverbed elevation is basically stable. However, the index shows a decreasing trend after 2003, with an average value of 0.5, which indicates that the channel erosion is severe in this period (Fig. 7b). In the Jianli-Luoshan reach, unlike in the previous reaches, the values of the sediment matching index are basically less than 1.0 (Fig. 7c), mainly because the flow with low sediment concentration flows into the Yangtze River after the Dongting Lake regulation and storage, causing the Jianli-Loshan reach to be in the erosion state.
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Figure 7 The variation in the sediment matching index; (a) Zhicheng-Shashi reach; (b) Shashi-Jianli reach; and (c) Jianli-Luoshan reach
4.4 Value of the comprehensive evaluation function 
The value of the connectivity comprehensive connectivity function increases with time gradually and is basically above 1.0 after 1990 in the main stream reaches of the Jingjiang River, which indicates an overall improvement in channel connectivity (Fig. 8). The comprehensive connectivity function value of the Shashi - Jianli reach is the largest, and its connectivity is the best; the value of the Zhicheng - Shashi reach is the smallest, and its connectivity is the worst. The variation in channel connectivity can be divided into two processes, and the functional value of connectivity fluctuated from 0.87 in 1956-1987 to 1.0 in 1988-2015. In addition, the range of the connectivity function values in the Jianli-Luoshan reach is large, which may be affected by the regulation and storage of the Dongting Lake. 
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Figure 8 Value of the comprehensive evaluation function
5. Discussion
5.1 Construction of the Gezhouba Dam
After the operation of the Gezhouba Water Control Project in 1981, the low sediment-content water released from the reservoir caused long-distance erosion downstream of the dam. The scour mainly occurred in the upper Jingjiang River, especially in the Zhijiang River section closest to the dam. From 1980 to 1985, the erosion quantity was 31.84 million m3 in the Zhijiang reach, accounting for 81.5% of the Jingjiang River. In the Zhicheng-Shashi reach, the value of the comprehensive connectivity function increased rapidly after 1980, from 0.8 in 1980 to 1.0 in 1992, which may be related to the application of the Gezhouba Water Storage (Fig. 8).
5.2 Construction of the TGR
Since the impoundment of the TGR, river channel erosion is serious downstream of the dam (Fig. 9a, Fig. 9b). From 2002 to 2015, the scouring volume of the Jingjiang River was 0.71 billion m3, with an average erosion volume of 0.05 billion m3/a (Fig. 9a). It is far greater than the average erosion of 0.0137 billion m3/a from 1972-2002. The riverbank collapse of the Jingjiang River occurs frequently due to channel erosion. From 2003 to 2012, there were 654 bank collapses in the middle and lower reaches of the Yangtze River, with a total length of 495.9 km. After bank failure, the bank will retreat gradually, and the area of the section will increase (Fig. 9c), which will improve the channel connectivity. 
In the Zhicheng-Shashi reach and Shashi-Jianli reach, the function value of channel connectivity ranged from 0.9 to 1.0 from 1990-2002; however, the value gradually increased and was basically greater than 1.0 after 2003, indicating that the construction of the reservoir improved the downstream channel connectivity (Fig. 8). The channel connectivity does not change in the Jianli-Luoshan reach since the impoundment of the TGR because it is located far from the dam.
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Figure 9 Sediment scouring and silting in the Jingjiang River; (a) erosion and deposition; (b) Zhicheng section; (c) Jing98 section
5.3 River straightening
There were four river straightening periods in the Lower Jingjiang River from 1949 to 1972 (Table 4), and these periods had a great impact on the riverbed evolution in the Jingjiang River. On the one hand, the flow velocity increased in the early stage of river straightening, which led to channel erosion, main-flow swing and bank failure. On the other hand, channel erosion lowered the river bottom elevation and weakened the diversion flow of the three spillways, which is equivalent to increasing the discharge of the Jingjiang River when the inflow is constant.
Table 4 River straightening in the Jingjiang River
	Position
	Tape
	Year
	Length of New River (m)
	Bending radius of river (m)
	Length of old River (m)

	Nianziwan
	Natural 
	1949
	2.5
	2000
	19.7

	Zhongzhouzi 
	Artificial 
	1967
	4.3
	2500
	36.7

	Shangchewan
	Artificial 
	1969
	3.5
	2000
	32.7

	Shatanzi
	Natural
	1972
	1.35
	3000
	20.3


In the Zhicheng-Shashi reach, the value of the comprehensive connectivity function decreased slightly from 1967 to 1972, and the changes ranged from 0.72 to 0.85 (Fig. 8), which was caused by the river straightening of the Lower Jingjiang River. In the Shashi-Jianli reach, the value of the comprehensive connectivity function was approximately 0.85 before 1972, while the value showed an increasing trend from 1972 to 2002, and the changes ranged from 0.9 to 1.0 (Fig. 8).
5.4 Water and soil conservation
According to the statistics in 1985, the area of soil loss was 352000 km2 in the upper reach of the Yangtze River, and the annual amount of soil loss was 1568 million tons (Table 5). To reduce soil loss, this area was designated by the State Council as the national key prevention area of soil and water conservation in 1988. The cumulative area of soil loss control was 80000 km2 in the Yangtze River from 1999 to 2003, and it was 160000 km2 by 2010. Soil and water conservation reduces the area, and the intensity of soil loss decreases yearly. Compared with 2011, the area of soil loss decreased by 31900 km2 in the upper reaches of the Yangtze River in 2017.
Table 5 Soil loss in the upper reach of the Yangtze River
	
	Jinshajiang
	Minjiang
	Tuojiang
	Jiangling River
	Wu jiang
	Chishui River
	Section
	Total

	Drainage area (104 km2)
	50
	13.3
	2.79
	16
	7.18
	1.31
	9.97
	100.55

	Soil loss area (104 km2)
	13.59
	4.91
	1.63
	9.29
	1.46
	0.39
	4.04
	35.22

	Erosion amount (108t)
	5.57
	2.15
	0.84
	3.97
	0.95
	0.24
	1.95
	15.68

	Proportion of total soil loss (%)
	35.5
	25.3
	13.7
	5.4
	6.1
	1.5
	12.4
	100


The effect of soil and water conservation is significant in the Yangtze River Basin. In the Jinsha River Basin, the average annual sediment load reduction by soil and water conservation was approximately 30 million tons from 1989 to 2005. In the Jialing River Basin, the average annual sediment load reduction by soil and water conservation was approximately 24.55 million tons from 1989 to 2003. In the Three Gorges Reservoir area, soil and water conservation reduced the amount of sediment load entering the reservoir by 60% from 1989 to 2004. The reduction of sediment load has an impact on river evolution and channel connectivity, although this kind of influence is indirect. 
6 Conclusion
The comprehensive function value of the channel connectivity increases gradually with time, so the channel connectivity increases from 1955 to 2015 in the Jingjiang River. The average values of —Shashi-Jianli reach, Jianli-Luoshan reach and Zhicheng-Shashi reach are 0.97, 0.99 and 1.00, respectively. 
In the Zhicheng-Shashi reach, the comprehensive function value of the channel connectivity decreased from 1967 to 1972, with a range of 0.72-0.85, which may be caused by river straightening. Then, the value increased due to the impoundment of the Gezhouba Dam after 1980. However, the values were basically greater than 1.0 since 2003, which shows that reservoir construction will improve downstream channel connectivity. 
In the Shashi-Jianli reach, the comprehensive function value of the channel connectivity fluctuates across 0.85 from 1965 to 1972, and the range of the value was 0.9-1.0 from 1972 to 2002. After the impoundment of the TGD in 2003, the value continued to increase with good channel connectivity. 
In the Jianli-Luoshan reach, the change in channel connectivity can be divided into two processes: the comprehensive functional value of the channel connectivity fluctuated across 0.87 from 1956 to 1987; then, the value increased and ranged from 0.9 to 1.1 after 1988. In addition, the construction of the TGD has little effect on the channel connectivity of the Jianli-Luoshan reach because the influence of reservoir regulation is reduced by the upper reaches. 
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