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Abstract: Hydrological connectivity plays a major role in solving water resource and eco-

environmental problems. However, this phenomenon has not been afforded the attention it 

deserves. Detailed analysis of connectivity in river systems could provide considerable insight into 

structural and functional attributes of riverine landscapes. The current study used graph theory 

approach and associated connectivity indicators to explore the characteristics and evolution of river 

systems and hydrological connectivity in a large catchment (Poyang Lake, China). The results 

revealed that the structure of the river system tended to be complex during 1990-2020, characterized 

by a dynamic evolution of tributaries in certain northern areas. Both river density and complexity 

exhibited an increasing trend by up to 15%, with the change rate after 2000 approximately twice as 

high as that of the preceding period. Overall, human activities across the catchment are more likely 

to play a key role in leading to significant changes in the quantity, morphometric, and structure 

characteristics of the river system. Additionally, the functional connectivity analysis indicated that 

the index of connectivity (IC) in the downstream catchment is stronger than that of the upstream 

vegetation areas, suggesting a strong contribution to the runoff-sediment transport (r=0.6-0.7). This 

study highlights the spatial and temporal evolution of both the structural and functional 

connectivity in the large Poyang Lake catchment. The findings of this work will benefit future water 

resource management and applications by providing a strategy for protecting the surface hydrology 

and mass transport of large river basins under climate and land-use changes. 

Keywords: Structural connectivity; Functional connectivity; Poyang Lake catchment; Runoff and 

sediment; Remote sensing and hydrology 

 

1. Introduction 

The river system plays a crucial role in the formation and evolution of water resources. Its 

structure and connectivity functions directly affect water resource allocation, water environment 

carrying capacity, and the ecological environment [1]. Runoff and sediment management is a key 

issue for water resource utilization and sustainable development at various catchment scales. 

Hydrological connectivity serves as a vital index for predicting the likelihood of potential runoff-

sediment transport paths throughout the catchment [2,3]. Understanding of the spatial pattern and 

variability of connectivity is crucial for soil and water resource management and for determining the 

underlying factors that induce changes in connectivity. 

Hydrological connectivity is commonly defined as the process of transferring various matter, 

energy, and organisms within or between water cycle elements using water as a medium [4], and 

include structural connectivity and functional connectivity [5]. Structural connectivity refers to the 

extent of physical connectivity of landscape structure or pattern, while functional connectivity is 

generally used to represent the influence of interaction between structural features on geomorphic, 

ecological, and hydrological processes [6,7]. Hydrological connectivity is closely related to multiple 

ecological processes. It is of practical significance for catchment ecology and management to analyze 

the spatial and temporal characteristics and driving mechanism of hydrological connectivity [8, 9]. 
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Many approaches have been adopted to quantify hydrological connectivity, including 

hydrological models, connectivity index, landscape ecology, graph theory, and remote sensing 

techniques. Among these, connectivity index is the most widely used method, such as topographic 

index [10], wetness index [11], and directional leakiness index [12]. Borselli et al. [13] proposed the 

index of connectivity (IC) based on a geomorphic method to estimate connectivity conditions at the 

catchment scales. IC is widely applied in the field of hydrological connectivity because its calculations 

require less data and can assess connectivity in remote or vast areas [14,15]. Given this background, 

Arabkhedri et al. [16] explored the relationship between IC and sediment yield in 11 catchments 

(Iran), demonstrating that IC plays a key role in controlling sediment yield. Liu et al. [17] employed 

IC to investigate the effects of land use/cover changes on the dynamics of hydrological connectivity. 

These studies indicate that IC can be used to evaluate the potential of runoff and sediment export 

capacity throughout the catchment. In recent studies, it was found that the changes in river systems 

alter the hydrological and hydraulic conditions of stream flows, affecting the material transport and 

ecological function within the river [18,19]. In order to analyze the spatiotemporal distribution 

characteristics and evolution tendency of river systems, many studies have conducted extensive work 

combining landscape ecology and graph theory methods. For instance, Deng et al. [20] analyzed the 

spatiotemporal evolution of the river patterns in the Taihu Lake plain (China) during 1960-2000 by 

using six indexes. These previous studies provide a reference for understanding the connectivity 

evolution of river system, which is vital for integrated catchment management. However, few 

attempts have been conducted to determine the spatial variability of hydrological connectivity in 

complex and large river systems. Also, previous studies regarding the relationship between 

connectivity and catchment runoff-sediment transport under both land cover and topographic 

features are also lacking. 

The Poyang Lake catchment (Southern China) plays a hydro-ecological role in the middle and 

lower reaches of the Yangtze River [21]. However, economic development and a population 

explosion within the catchment have significantly impacted sediment transport, water cycle 

processes, and the ecological environment [22, 23].Previous work indicated that the frequency and 

intensity of floods in the Poyang Lake catchment are increasing, potentially leading to the obstruction 

of hydrological connectivity [24]. The blockage of hydrological connectivity will not only affect the 

connection of rivers and lakes, but also disrupt material migration and energy exchange, resulting in 

changes in the hydrological process and ecological environment of the catchment [25]. Recently, Xia 

et al. [26] proposed a comprehensive method to evaluate hydrological connectivity of the Poyang 

Lake area based on long time series remote sensing images, analyzing the key forcing of the 

hydrological connectivity evolution. Li et al. [27] used geostatistical methods in combination with a 

two-dimensional hydrodynamic model to investigate the seasonal dynamics of hydrological 

connectivity in the floodplain wetland of Poyang Lake. These previous studies of hydrological 

connectivity mainly focused on the lake and did not consider the upstream catchment river systems 

making significant contributions to the lake. Therefore, it is urgent to assess the changes of river 

systems and associated hydrological connectivity across the large Poyang Lake catchment, which 

could provide an important basic background for ecological protection and management in a 

changing environment settings.  

This study utilizes the dataset of river systems, landscape topography, and land use over the 

past 30 years to investigate the evolution of river systems and associated hydrological connectivity 

conditions in a large catchment of Poyang Lake, providing recommendations for future ecological 

and environmental protection. We hypothesized that climate change and human activities have 

altered the natural characteristics of the landscape, affecting river flow and connectivity properties. 

Therefore, the specific objectives of this study are to: (1) identity the dynamics and evolution of the 

catchment rivers system during the past 30 years; (2) investigate the changes in the structural 

connectivity of catchment rivers and identify the factors that influence it; and (3) explore the 

spatiotemporal distribution patterns of catchment functional connectivity and its relationship with 

runoff and sediment. This work provides reference for identifying the evolution of river system 

structure and hydrological connectivity, improving understanding for the integrated management of 

lake catchments. 
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2. Materials and Methods 

2.1. Study Area 

The Poyang Lake catchment (113°35′-118°29′E, 24°29′-30°05′N) covers an area of 1.62×105 km² in 

the Yangtze River basin. It has a subtropical warm and humid monsoon climate with an annual 

average temperature of 17.5℃and an annual average precipitation of 1638 mm [28]. The catchment 

consists of five sub-basins (i.e., Ganjiang, Fuhe, Xinjiang, Raohe, and Xiushui) and the main Poyang 

Lake (Figure 1). The primary land use types of the catchment are forest (64%), cropland (26%), and 

grassland (4%) [29]. It is surrounded by mountains on three sides, with rolling hills in the center and 

Poyang Lake plain in the north, the elevation of the catchment varies from -184 m to 2157 m (Figure 

1). Red soil and yellow soil are the most widely distributed across the catchment, with approximately 

20% of the land area in the catchment experiencing soil erosion [30].The river system of Poyang Lake 

is composed of five main rivers and various smaller rivers that flow directly into the lake, with the 

inflows from all rivers discharging into the main stem of the Yangtze River at Hukou. Moreover, the 

Poyang Lake catchment is densely populated with rivers and lakes, with about 490 rivers over 100 

km² and 51 rivers over 1000 km² [31]. The mean annual runoff is 152.5 billion m³, accounting for about 

16.3% of the Yangtze River basin. The catchment is also an important production base of rice, cotton, 

and oilseed rape products in China [32]. During the past decades, numerous water conservation 

projects have been implemented in the catchment. For example, more than 10,000 reservoirs have 

been built in this region, including 30 large reservoirs with a total capacity of about 19 billion m³ [31]. 

 

Figure 1. Topography and major river distributions within the Poyang Lake catchment. 

2.2. Methodology 

2.2.1. Structural connectivity index 

According to landscape ecology and graph theory, this study is expected to identify and 

quantitatively perform river evolution analysis of the Poyang Lake catchment during 1990-2020. 

According to previous studies and associated methods[33,34], characteristic indicators of quantity, 

morphometric, and structural were adopted to describe the structural connectivity of river systems 

(Table 1). River density reflects the degree of river length development and sparseness of distribution. 
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Water surface ratio describes the storage capacity of the river system. River complexity has been used 

to represent the development degree of the river network, and the higher the value, the more 

developed the river system. River development coefficient indicates the development degree of 

tributaries, and the lower the value is the more likely the river system is to trunk[33]. The classical 

hydrological connectivity indexes network circuitry (α) represents the level of material-energy 

exchange at each node. Edge-nodes ratio (β) describes the difficulty of connecting each node to other 

nodes in river systems. Network connectivity (γ) indicates the connection degree of the river 

network[34]. 

Table 1. Characteristic indicators of river structural connectivity used in this study[33,34]. 

Types Indicators Computational methods 

Quantity 
River density 

Water surface ratio 

Rd=L/A 

Wp= �
Aw

A
� ×100% 

L is the total length of the river 

A is the total area of the catchment 

�� is the total area of the river 

Morphometric 

River complexity 

River development  

coefficient 

CR=N0×(L/Lm) 

Kw=Lt/Lm 

�� is the number of the river classes 

�� is the total length of the tributary 

�� is the total length of the main river 

Structure 

Network circuitry α=(l-v+1)/(2v-5) 
l is the number of nodes 

v is the number of river edges 
Edge-nodes ratio β=l/v 

Network connectivity γ=l/3(v-2) 

2.2.2. Functional connectivity index (IC) 

In this study, the IC proposed by Borselli et al [13] was applied to quantify the functional 

connectivity of the Poyang Lake catchment, representing the potential of catchment runoff and 

sediment transport to the channel. In IC calculation, the upslope component (Dup) represents the 

potential of upstream sediment to move downstream, and the downslope component (Ddn) describes 

the length of the sediment flow path to the nearest target. The vegetation factor (C) of the Soil Loss 

Equation (RULSE) is closely related to the vegetation coverage f, which is applicable to the analysis 

of the catchment dominated by agriculture and vegetation. The primary land use type of the Poyang 

Lake catchment is forest, and therefore the weighting factor W for forest, grassland, and shrubs in the 

IC calculation is C values, and W for other land use types using the categorical assignment method. 

In addition, water and cropland have a value of 0 and 0.23, respectively, with barren and impervious 

adopting a value of 0.35 [30]. The IC calculation was implemented in ArcGIS 10.7 using the model 

builder. The detailed processing methods of the model are presented in Figure 2. The C factor is 

calculated based on the relationship between C and f [35], where f is derived from the normalized 

difference vegetation index (NDVI) [36], with the calculation formula expressed as follows: 

 IC= log
10

Dup

���

=
W� ×S�×√A

∑
��

�� × ��
�

 (1)

where A is the upslope contribution area (m²), ����� represents the mean weight factor of the upslope 

contribution area (-), �̅ indicates the average slope (m/m), �� is the flow path length of the ith cell along 

the downhill direction (m), and �� and �� are the weight and slope of the ith cell, respectively. The 

IC value ranges from [−∞, +∞], and a larger IC value indicates that the possibility of runoff sediment 

transport to the river channel is greater. 

 � = �

     1                                     f ≪ 0

0.6508-0.3436 log
10

f           0 < f ≪ 78.3%

            0                                    f > 78.3%

, (2)
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 f =
NDVI-NDVIsoil

NDVImax-NDVIsoil

 (3)

where C ranges from 0 to 1, NDVImax is the NDVI value of a pixel completely covered by vegetation 

and NDVIsoil is the NDVI value of bare land or an area without vegetation cover. NDVImax and NDVIsoil 

are different for different land use types, thus the NDVI value with 95% frequency of forest, grassland, 

and shrub was defined as the NDVImax, and the NDVI value with 5% frequency was defined as 

NDVIsoil in our study [37]. 

 

Figure 2. Flow chart of the IC calculation for the hydrological connectivity analysis (different colors 

represent different data or processes. Rmask denotes the road mask map, Dirmask refers to the FlowDir 

mask map, and Rivermask represents the mask map obtained by performing Flow Accumulation on 

Dirmask.) 

2.3. Data collection and processing 

ASTER GDEM V2 data used for calculating functional connectivity were derived from the 

geospatial data cloud (http://www.gscloud.cn/). The land use and NDVI data were available for a 

total of five periods in 1990, 2000, 2005, 2010, and 2020. Land use maps were acquired from the annual 

China land cover dataset (CLCD) [38] (http://www.crensed.ac.cn), including cropland, forest, shrub, 

grassland, water, barren, and impervious. NDVI data were downloaded from Landsat 5/8 images by 

using the Google Earth Engine (GEE), and the spatial resolution of the data used in this study is 30 

m×30 m, with a coordinate system of WGS_1984_UTM_Zone_50N. River discharge and sediment 

data during 1990-2020 were collected from five hydrological gauging stations, including the Waizhou 

station (Ganjiang River), Lijiadu station (Fuhe River), Meigang station (Xinjiang River), Hushan 

station (Raohe River), and Wanjiabu station (Xiushui River) (Figure 1). Discharge data before the year 

2000 were derived from the Jiangxi Provincial Hydrological Bureau, and sediment transport data was 

obtained from the observed water-sediment relationship of each station. Data after 2000 was acquired 

from the Changjiang Hydrological Network (http://www.cjh.com.cn/).  

The river system data was extracted using GEE platform and was used to calculate structural 

connectivity. From the perspective of a long-time period, a five or ten-year interval was adopted to 

perform interannual changes of connectivity dynamics. We used GEE software to select Landsat 

TM/OLI images in 1990, 2000, 2005, 2010, and 2020 based on the clear sky or no cloud cover images 

in the study area. The annual synthetic Modified Normalized Difference Water Index (MNDWI) [39] 

was then generated, and the Otsu method [40] was used for threshold segmentation to extract water 

bodies. The preliminary river system results of the catchment were converted into vector data, and 
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the center lines of the main rivers were extracted in ArcGIS 10.7. Subsequently, the rivers were 

checked and corrected by a visual inspection strategy. Finally, digital river system maps of the 

Poyang Lake catchment in five periods were obtained. According to the Strahler method, the rivers 

in the Poyang Lake catchment were classified into four orders (I-IV) in this study. In order to establish 

the spatial dataset for the parameter calculation of the river system structure and connectivity, 

corresponding fields were added to each layer to obtain attribute values such as number, length, and 

area. 

3. Results 

3.1. River system accuracy and spatial pattern evolution 

In this study, the data of the extracted river systems in 2010 and 2020 were used for evaluating 

the accuracy based on high-resolution images of the same or adjacent years using Google Earth 

software. The center of the river was selected as the accuracy verification point at 2 km interval. In 

addition, a total of 4,000 verification points were generated according to the proportion of different 

river orders, including 2000 order I rivers, 1200 order II rivers, 600 order III rivers, and 200 order IV 

rivers (Figures 3d-e). Subsequently, buffers were established to check if the verification point fell 

within the river. The results showed that the overall verification accuracy of river system in the 

Poyang Lake catchment was 92% in 2010 and 93% in 2020 (Figures 3d-e). It can be concluded that 

most of the verification points overlap the extraction results of the river system well, meeting the 

requirements of river system analysis. 

 

Figure 3. Spatial distribution of different river orders during 1990, 2000, 2005, 2010, and 2020. 

It can be observed that the river system distribution of the Poyang Lake catchment exhibits 

distinctly interannual changes and has gradually become intensive over the past 30 years (Figure 3). 

During 1990-2005, the number of river nodes and edges of the river system were generally small, and 

the spatial pattern had relatively slight changes (Figures 3a-c). However, the number of river nodes 

and edges increased significantly, and the spatial pattern became more complex in 2010 and 2020 

(Figures 3d-e). Additionally, the associated changes mainly occur in the northern tributaries of the 
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catchment. This is likely due to the growth of tributaries caused by urbanization, dredging, and 

widening of rivers. Compared to 1990, the number of river nodes and edges in 2020 increased 

significantly (Figure 3f), especially in the Xiushui and Xinjiang sub-basin. Overall, the change of river 

system in the catchment is quite obvious after the 21st century, probably due to intensive human 

activities across the catchment (e.g., water conservancy projects). 

3.2. Characteristics of the river structural connectivity 

3.2.1. Quantity and morphometric characteristics 

The changes in river system quantity and morphometric characteristics for different periods of 

the Poyang Lake catchment are shown in Figure 4. The results showed that the distribution area of 

all order rivers indicated a decreasing trend during 1990-2005, with the largest decrease rate of 

around 43.2% for order IV rivers. The number and length of order II and III rivers exhibited an 

increasing trend, and the associated lengths increased by 11.7% and 6.6%, respectively (Figure 4a). It 

should be noted that order I and III rivers showed an increasing trend during the period of 2005-2020, 

but the number and length of order II rivers exhibited a decreasing trend. Additionally, the number 

and length of order IV rivers remain the same, with the area increasing by approximately 35.9% 

(Figure 4a). It is notable that some order II rivers are likely to transform into order I rivers or expand 

to become part of order III rivers. In general, except for the main stream (order IV), the number, 

length, and area characteristics of the river system structure of the Poyang Lake catchment showed 

an increasing trend from 1990 to 2020. Specifically, the most notable changes were observed in order 

III rivers, with growth rates exceeding 20%. Order I river showed an increase of over 15%, while order 

II river exhibited a growth rate of less than 4%. 

 

Figure 4. Interannual changes characteristics of river quantity (a) and morphometric (b) during the 

study period. 

The river network density tends to increase as the total length of the river expands (Figure 4b). 

In addition, the river network complexity gradually rose from 55.47 in 1990 to 63.43 in 2020, with the 

increase in both river number and length. In particular, both the river density and complexity in the 

Poyang Lake catchment increased by 15% and the water surface ratio by 5% over the last 30 years. 

However, there were no significant changes in the river network development coefficient. Both the 

quantity and morphological characteristics representing structural connectivity showed an 

increasing trend, indicating a gradual improvement in structural connectivity. In general, the change 

rate in both quantity and morphometric indicators during 2005-2020 is about twice that during 1990-

2005 (Figure 4b). Consequently, the growth rate of the river system structure has obviously 

accelerated, and the spatial pattern of the river network tends to be complicated after the 21st century. 

3.2.2. Structure characteristics of connectivity 

Table 2 lists the structure connectivity analysis of the river system for five periods based on 

graph theory approach. The number of river nodes increased from 108 to 127 and the number of river 
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edges increased from 204 to 247 during the period of 1990-2020. In addition, the α, β, and γ indexes 

of the river system showed an increasing trend. That is, α increased from 0.46 to 0.49, β increased 

from 1.89 to 1.94, and γ increased from 0.64 to 0.66 (Table 2). Previous research suggests that the 

values of α and γ typically fall within the range of [0, 1], and β is between [0, 3]. In the current study, 

each characteristic parameter is in the mid to upper range of the interval (i.e., α≈0.5, β≈2, and γ>0.6). 

The larger the index, the higher the connectivity degree and the more complex the river network [41]. 

These results presented here demonstrated that the river network connection, node connection, and 

connectivity degree of the river system within the catchment are generally at a good level. 

Table 2. Changes in structure connectivity indicators for rivers of the Poyang Lake catchment. 

Indicator 1990 2000 2005 2010 2020 

Node number 108 110 101 115 127 

River edge number 204 207 212 221 247 

Network circuitry α 0.46 0.46 0.57 0.48 0.49 

Edge-node ratio β 1.89 1.88 2.10 1.92 1.94 

Network connectivity γ 0.64 0.64 0.71 0.65 0.66 

3.3. Characteristics of the river functional connectivity 

3.3.1. Spatiotemporal changes of IC index 

Figure 5 shows the spatial distribution of IC in 1990, 2000, 2005, 2010, and 2020. Spatially, the 

results showed that the minimum IC value was -8.27 and the maximum IC value reached 6.86. The 

spatial distribution of IC in different years is uneven, and the high IC values are mainly distributed 

near the main river channel and landscapes with sparse vegetation, suggesting a strong ability of 

water and sediment migration (Figure 5). However, IC values in dense vegetation regions far from 

river channels are relatively low, indicating a weak role of the downstream sediment transport. In 

1990 and 2000, the spatial distribution of IC exhibited a generally similar pattern, with overall high 

values in the eastern region and low values in the western region (Figures 5a-b), while the IC values 

showed significant spatial heterogeneity after 2000. That is, high IC values are distributed around the 

northern lake and the southernmost catchment, while low IC values are distributed mainly in the 

central part of the catchment (Figures 5c-e). It can be observed that about 68% of the catchment had 

a decreasing trend in IC, 24% of the catchment was characterized by an increasing trend in IC, and 

8% of the catchment exhibited almost no change in 2020, relative to the year 1990 (Figure 5f). The 

results presented here indicated that the IC of most of the Poyang Lake catchment has changed over 

the past 30 years, and the decreasing in IC is mainly observed in forest land, while the increasing 

areas are dispersed. 
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Figure 5. Spatial distribution of the calculated IC values during 1990-2020. 

In order to quantitatively describe the functional connectivity within the catchment, the 

probability density distribution of the whole catchment and sub-basins IC values is shown in Figure 

6. It is found that IC values across the catchment mainly range from -3 to 3, reflecting a positively 

skewed distribution curve with a kurtosis between 6 and 7 (Figure 6a). The distribution curve of IC 

values shifts significantly to the left after 2000, indicating a gradual decrease in both local and overall 

potential sediment delivery. It can be observed that the IC of each sub-basin conforms to positively 

skewed distribution, with minimal changes observed during 1990-2020 (Figures 6b-f). For example, 

the Xinjiang sub-basin has the highest mean IC value, mainly attributed to its sparse vegetation 

distribution and low elevation (Figure 6d). However, the lowest mean IC value is found in the 

Xiushui sub-basin, due to the distribution of dense vegetation cover and predominantly mountainous 

areas (Figure 6f). Therefore, the higher the vegetation cover, the lower the IC in the sub-basin. The 

results presented here demonstrated that the land use/cover in the catchment may play a key role in 

affecting hydrological functions. 
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Figure 6. Probability density distribution and statistical characteristic of IC for the whole catchment 

and different sub-basins during 1990-2020. (Std: Standard Deviation. When skewness=0, the 

distribution is symmetric; when skewness>0, the distribution is right-skewed; and when skewness<0, 

the distribution is left-skewed. When kurtosis = 3, the distribution is normal; when kurtosis>3, the 

distribution is steeper; and when kurtosis<3, the distribution is flatter.) 

3.3.2. Relationships between connectivity, land use, runoff, and sediment 

Figure 7 shows the IC distribution for different land use types during 1990-2020. It can be seen 

that the IC of forest and shrub in the Poyang Lake catchment mainly distributes between -2 and 2 

(Figures 7b-c), the IC of cropland and grassland ranges from -2 to 3 (Figures 7a and 7d), and the IC 

of barren and impervious are generally greater than 0 (Figures 7e-f). Furthermore, the IC of forest 

showed a decreasing trend, and the IC of barren land exhibited an obvious increasing trend. In 

general, low IC mainly distributed in forest and shrub areas, while the high IC mainly concentrated 

in impervious and barren land. That is, the denser the vegetation coverage, the stronger the water 

and sediment interception ability. Bare land and vegetation can be used to represent ‘source’ and 

‘sink’ of runoff and sediment production, respectively [13]. Bare land is the main source of flow and 

sediment production in the catchment, inducing a potential erosion risk across the catchment. In 

contrast, vegetation has better water retention capacity and sediment interception, which can trap 

surface runoff and erosion sediment. Therefore, vegetation reduces the possibility for runoff 

sediment transport to the river, leading to a decrease in IC values. 
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Figure 7. IC distribution of different land use types of the Poyang Lake catchment during 1990-2020. 

The relationships between IC and annual runoff-sediment discharge for the whole catchment 

and sub-basins are illustrated in Figure 8. The correlation coefficients (r) of IC with runoff and 

sediment discharge in the whole catchment are 0.6 and 0.7 (p<0.05), respectively, indicating 

significant positive correlation. Besides the Xiushui sub-basin, the mean IC of the other four sub-

basins showed an obvious positive correlation with annual runoff and sediment discharge (Figure 8). 

Specifically, both the correlation coefficients between IC and annual runoff and sediment discharge 

in the Xinjiang sub-basin reach 0.8, showing a strong positive correlation (Figure 8). These findings 

reveal that the IC mean value in the Poyang Lake catchment can represent the transport capacity of 

runoff and sediment to a certain extent. Therefore, an increase or decrease in hydrological 

connectivity is connected to a greater or lesser likelihood of runoff and sediment reaching the river 

channel. This coincides with the fact that hydrological connectivity is likely to play an important role 

in predicting hydrological events, such as soil erosion and deposition. 
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Figure 8. Linear fitting of IC with runoff (a) and sediment discharge (b) at different catchment scales, 

and associated correlation coefficients for runoff (c) and sediment discharge (d). Larger circles in (c-

d) represent a strong influence of functional connectivity on runoff and sediment. 

4. Discussion 

Changes in the catchment river system are affected by many potential factors, such as 

topography, climate change, flooding, and hydraulic facilities. Human activities are a major factor 

altering the hydrological connectivity of river network ecosystems [42]. The results of this study 

demonstrated that the structural connectivity of the Poyang Lake catchment has gradually improved 

during the past 30 years, especially in the 21st century. Human activities represented by water 

conservancy projects are the dominant factors affecting the evolution of river connectivity in the 

Poyang Lake catchment. In order to withstand natural disasters such as floods and droughts, water 

construction projects (e.g., the Ganfu levee) were gradually strengthened during 1990-2000 [43]. 

During the period of 2000-2010, the number of large and medium-sized reservoirs within the Poyang 

Lake catchment increased [44], and key embankments in major tributaries and plains were 

successively raised and thickened [45]. In addition, flood control projects focusing on embankment 

construction were carried out in Jiangxi Province after the historic flood in 1998. Frequent human 

activities during this period had a significant impact on hydrological connectivity. It should be noted 

that the comprehensive implementation of the river chief system has enhanced the capacity to 

regulate the main streams and tributaries of the five rivers during 2010-2020 [44]. Overall, the water 

conservancy engineering system of the Poyang Lake catchment has been improved through the 

construction of reservoirs, gates, dikes, canals, and other systems. There has been a rapid increase in 

the length and area of tributaries, accompanied by the promotion of the river-lake system connection 

project over the past 30 years, ultimately shaping the current pattern of the river system. This study 

suggests that river system changes were primarily influenced by human activities in the Poyang Lake 

catchment during the last 30 years. 

Topography and geomorphology have different influences on hydrological connectivity. For 

example, IC shows considerable spatial heterogeneity in the Poyang Lake catchment, with areas near 

the channel having high connectivity, and regions far from the river channel having lower 
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connectivity, which is generally consistent with previous findings [46]. In fact, land use types within 

the catchment may play a critical role in determining hydrological connectivity [47]. Figure 7 

illustrates that land use types including shrub, forest land, and grassland exhibited lower IC values 

than land without vegetation cover (e.g., barren and impervious). Additionally, IC showed a 

downward trend in most parts of the catchment during the past 30 years. During the period of 1980-

2015, a large area of arable land in the catchment decreased and was mainly transformed into forest 

land and construction land. The forest coverage of the catchment increased from 33% in 1983 to over 

63% in 2020 [48, 49], suggesting that IC was also influenced by the distribution of vegetation types. 

Therefore, the increase of vegetation coverage and the improvement of land use types in our study 

period enhanced the capacity of catchment soils to retain runoff and sediment, contributing 

dramatically to a substantial reduction in potential sediment production. The presence of a large 

amount of litter on the forest soil surface increases the resistance to sediment flow, regulating runoff 

and reducing sediment from entering the river channel [50]. The current results indicated that the IC 

mean values are positively correlated with runoff and sediment discharge in the catchment. The 

amount of sediment and runoff from the Poyang Lake catchment five rivers discharged into the lake 

has decreased significantly since 2000 [51]. That is, as the hydrologic connectivity of the catchment 

decreases, the reduction in runoff inhibits sediment stripping and makes it more difficult to transport 

runoff sediment into the river. Therefore, to some extent IC can effectively identify soil erosion 

conditions in the catchment and determine sediment sources and sediment transfer pathways so that 

action can be taken to reduce or enhance connectivity. Areas with high IC index in the catchment 

should be regarded as important signals of erosion risk and require soil and water conservation 

measures, while areas with low IC values are prone to sedimentation and can be built with check 

dams. Consequently, effective sediment management strategies can be developed by selecting key 

high or low IC value areas, which can optimize future water and soil resource management, 

conservation, and restoration efforts.   

Connectivity as a concept has been increasingly discussed in hydrology, ecology, and 

geomorphology [5]. In large and complex river systems, the hydrological structural connectivity and 

functional connectivity have received little attention, even though they have significant ecological 

and environmental implications. We argue that this limitation does not prevent the concept from 

being a valuable index for investigating responses of complex systems, even in cases where 

connectivity cannot be directly quantified. Compared with previous studies regarding river system 

structure and associated connectivity which only use some spatial analysis tools, this study applies 

GEE software to extract river data by using a threshold method. This study primarily explores the 

possible causes of river system structure changes in combination with the construction of water 

conservancy projects. However, further work is needed to reveal the spatiotemporal evolution 

characteristics and factors controlling the river system, providing more effective support for flood 

control and disaster mitigation efforts. Additionally, it is also necessary to comprehensively consider 

functional connectivity evaluation methods and effectively integrate structural and functional 

connectivity. Consequently, it is challenging to combine both static and dynamic processes, and 

associated indicative significance. 

5. Conclusions 

Investigating the structural and functional connectivity across multiple space and time scales is 

a key requirement to the interpretation of processes within environmental regimes. This study 

identifies the characteristics and evolution of hydrological connectivity within a large catchment 

(Poyang Lake, China) using RS/GIS, landscape ecology, graph theory, and relevant evaluation 

indicators. The major findings of this work are as follows. 

The river system of the Poyang Lake catchment exhibited distinct interannual changes during 

the past 30 years. Generally, the number and length of order I and order III rivers across the catchment 

showed a rising trend, while the main rivers remained relatively stable. Water surface ratio, river 

development coefficient, density, and complexity demonstrated significant increasing trends, but the 

change rate after the year 2000 was around two times that prior to 2000. Overall, the three structural 
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characteristic indicators of network circuitry, edge-nodes ratio, and network connectivity indicated 

an increasing trend, characterized by a good connectivity condition. This study suggests that human 

activities (e.g., water conservancy projects) are the dominant factor influencing the evolution of river 

system connectivity in the Poyang Lake catchment. In addition, the functional connectivity IC 

exhibited a declining trend in 68% of the catchment area, while showing an increase in 24% of the 

area. Spatially, IC adjacent to the main river channel and the sparse vegetation area has higher values 

than that of the dense vegetation regions located far from the river channel. The better the vegetation 

cover, the lower the IC value in the area. The linkage between hydrological connectivity and 

associated runoff-sediment discharge was characterized by a close correlation relationship, 

demonstrating the importance of surface connectivity in soil erosion and water loss. In terms of eco-

environmental management, structural and functional connectivity is crucial to provide a 

comprehensive understanding of connectivity and effective decision-making information. 
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