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Abstract

:

Riverscapes are coupled social-ecological systems (SESs), in which the differences between the scales and functioning of interacting social and ecological components ( “mismatch”) impose challenges for global arid basin sustainability. Here, we defined riverscape SESs as networks of connected ecological and social components (nodes) to disentangle the structure and effects of SESs in Heihe River Basin (HRB) in arid regions of northwest China. Results showed the ecological network in HRB has low network density and high vertex strength. Heihe River Basin Bureau, as an emerging bridging organization, changed the SES structure and increased the matching degree of SES from 0.33 to 0.53, which has caused an obvious improvement in the downstream ecology. However, the characteristics of the ecological network demonstrated that cross-boundary management actions restricted to only the river would exacerbate local environmental pressures, such as the continued decline of groundwater in midstream regions and the potential appropriation of water for ecology by the expanding farmland in the downstream region. Our study demonstrated that network analysis could be one promising direction to untangle the complex SES and understand the relationship between SES structure and outcomes. We suggest comanaging the cross-boundary river and lands to further match the SES for basin sustainability.
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1. Introduction


Riverscapes are complex, landscape-scale mosaics of connected river and stream habitats embedded in diverse ecological and socioeconomic settings [1]. Social-ecological interactions between stakeholders and ecological processes often complicate riverscape management and basin governance [2]. Particularly, most of the world’s rivers are transboundary across multiple administrative jurisdictions and usually cause collective action problems [3], which is a key sustainability challenge in basin governance. The increasing water supply uncertainties induced by climate change and the escalating water demand pressures driven by economic development and population growth increase the social-ecological interdependencies and amplify this challenge, especially in arid river basins.



The numerous ways in which social and ecological components in riverscapes interact will create complex patterns of such interdependencies. Similar to the landscape patterns affecting the ecological process [4,5,6] and vegetation patterns impacting water and soil processes [7,8,9], the structure of the social and ecological system affects the overall function of the riverscape. With the demarcation of administrative boundaries on natural watersheds and the tremendous changes in the structure of natural landscapes caused by technological progress and human land use, adverse effects of the socio-political boundaries on ecosystem have been widely recognized [10]. There is an urgent need to seek social-ecological structure that would achieve sustainable development of river basins.



Social-ecological matching, including scale matching and function matching, is regarded as an effective way to reduce such adverse impact. There are a number of case studies showing that governance that incorporates collaboration across multiple scales and jurisdictions are needed to address common resource dilemmas, which align the social and ecological system to some extent [11,12]. For example, Bodin et al., 2014 [13] used data from case studies of fishery (a rural, coastal fishing village, approximately 50 km south of Mombasa, Kenya [14]) and forest (a rural agricultural landscape in Androy, southern Madagascar [15]) conservation to empirically test presumed relationships between conservation outcomes and certain patterns of alignment of social-ecological interdependences, and found that when actors who shared resources were also socially linked, conservation at the level of the whole social-ecological system was positively affected. Barnes et al., 2019 conducted research on the five coral reef fishing communities in Kenya, and found that when fishers facing common dilemmas form cooperative communication ties with direct resource competitors, they may achieve positive gains in reef fish biomass and functional richness. However, these studies largely focus on the comanagement of single resources (fish, forest, lake) [16,17,18], which fail to represent the reality of natural resources in basins that involve interconnected ecosystems. In China, governance institution and policy have a strong and broad impact on the ecology and resources of the whole basin. It is therefore necessary to find a new method to disentangle the riverscape social-ecological structure and its outcomes under China’s top-down dominated governance regime.



The social-ecological network analysis (SENA) method is relatively new and multidisciplinary [11,19,20] with potential in studying SES. This method assumes that social-ecological systems can be modeled as social-ecological networks which simultaneously incorporate a range of social and ecological/biophysical entities (nodes) and their interdependencies. In this paper, we used this method and empirical data from previous studies of the Heihe River Basin (HRB) [21,22,23] to study such social-ecological interdependencies. The HRB, which is located in northwest China, is a high-profile case study, is an arid river basin whose governance has undergone a remarkable transition. In order to control the severe ecological degradation in the downstream region in the 1980s, the water management regime has been adapted. Some progress of the new regime has been achieved [24], but how interconnected and nested riverscapes can be managed to achieve sustainability remains a fundamental question that has prompted an ongoing search for elusive governance systems that will unite nature and society.



In this study, we construed the riverscape in HRB as a social-ecological system (SES) and then described the SES as a network and applied a SENA approach to analyze the characteristics and evolution of the network structure and its outcomes. We attempted to answer this specific scientific question: how has the structure of the SE network changed and what are its outcomes for sustainable river basin management? We have also proposed some policy suggestions for sustainable riverscape management.




2. Materials and Methods


2.1. Study Area


The HRB is the second largest inland river basin in the arid zone of northwestern China (Figure 1). The river originates in the snow-covered Qilian Mountains and flows across Gansu Province and the Inner Mongolia Autonomous Region. It then flows northward to terminal lakes in the Gobi Desert [25]. The midstream region is controlled by a continental climate and annual precipitation ranges from 69 to 216 mm (from the local chronicles of Gansu Province). The development of irrigated agriculture in this region consumes large amounts of water via a relatively complete irrigation system that consists of more than 893 main and branch canals (collected from the regional statistical yearbook in Gansu Province). The downstream region is generally considered to be the main eco-barrier in northern China and is highly dependent on the Heihe River because of the low rainfall (35 mm) and high evaporation (2300 mm) [26].



The HRB stretches across two provinces that have been in conflict over water resources for several decades. There are three counties (Ganzhou, Gaotai, and Linze) in the middle region affiliated to Gansu Province and one county (Ejna) in the downstream region affiliated to Inner Mongolia. All of the counties have settlements alongside the river reaches and are main users of river water. Our study area covers the main riverscapes in the basin, which are shown in Figure 1.



The basin has experienced two different water allocation regimes. The early water allocation regime focused on “water in the middle reaches of the river basin” and was implemented in the counties in the midstream region. This regime worked well in the historical period when the density of farms in midstream regions was low, and the demands on the surface flow were well below capacity, with little impact on downstream animal husbandry [27]. With the large-scale agricultural developments in the midstream region, the amount of water discharged downstream was continually reduced, leading to ecological degradation and desertification in the downstream area in the 1980s. Conflicts between midstream and downstream water allocations began to appear. The downstream ecological crisis led to a number of changes, including the establishment of the Heihe River Bureau (HRBR) in 2000, which is a dispatch agency of the Yellow River Commission. The HRBR functions as the water administrative department of the HRB and comprehensively manages the water resources in the whole basin. After the year 2000, it entered into a period of water allocation for the whole basin.



This study focused on the period of 1990–2010, during which the governance structure and biophysical environment underwent significant change. The period of 1990–2000 was controlled by the early water-allocation regime and we call this period the local water allocation period (LWAP), while we call the period of 2000–2010 the regional water allocation period (RWAP), during which water was allocated for the whole basin.




2.2. Data Sources


The land use/cover datasets in 1990, 2000, and 2010 used in our study were obtained from (http://www.dsac.cn/DataProduct/Detail/200804). Data for the terminal lake (Sogo Nuur in Figure 1) area was collected from published papers [28]. Runoff observations in the middle and lower regions were obtained from the Bureau of Heihe River Water Resources Bulletin. Groundwater data were collected at long term groundwater monitoring wells in the study area. Farm area and socio-economic data for the middle and lower regions were collected from the regional statistical yearbook and annual reports in Ganzhou, Gaotai, Linze, and Ejna.




2.3. Methods


In this study, social-ecological network analysis (SENA) was used to analyze the social-ecological interdependencies of the riverscape [15,19]. This technique not only considers how social units interact, but simultaneously considers the structure of interactions between and among social and ecological units, and the ways in which this structure affects the performance of the system. Based on a previously developed framework [15], we construed the riverscape SES as nodes and links and analyzed the ecological- and social-level networks, respectively. We then appraised the matching of SE interdependencies to empirically investigate the SE interactions through a multilevel social-ecological perspective (Figure 2, which was modified from Barnes et al., 2017 [29]).



In this study, a SE network adjacency matrix (Figure 3) was used to depict which social nodes are connected (SS edges), what ecological nodes they work in (SE edges), and what ecological nodes are linked though hydrological processes (EE edges). If there was a link (edge) between nodes, the value “1” is used. Otherwise, “0” is used. The visualizations and analyses of the EE and SS networks were performed in R igraph package based on these adjacency matrixes, which are shown in Figures S1 and S2. Next, the construction process of the matrix will be described in detail.



2.3.1. Ecological Network Construction


To construct the ecological-level networks, landscape groups in the basin and their supporting systems (groundwater systems) were defined as ecological nodes. We use the term ‘‘group’’ in a very broad sense: any ensemble of units that, according to some criteria, distinguish themselves from other entities. Landscape group was defined as a collection of the same type of landscape patches (area >1000 m2) which have a relatively close spatial distance (<10 km). For example, farmland patches which are spatially separated but close to each other were uniformly divided into the farmland group. Landscape groups in midstream and downstream regions were split to better represent the local geography. Land use/cover datasets in 1990, 2000, and 2010 were used to detect the landscape groups and the area was calculated in ArcGIS (the periodical average area was used to represent the ecological nodes’ area in two periods). In this way, we determined 12 ecological nodes, which are shown in Table S1 in Supplementary Materials.



The ecological-to-ecological edges (EE edges) were established based on whether there were water flows between the ecological nodes, which are essential to enable landscapes to sustain the survival of species in arid regions. EE edges in this study only represent water flow and exchange between landscape groups because we concern mainly with landscape management related to water. The basin hydrographic net, floodplain, and the irrigation canal system datasets were used to identify the link between EE nodes. EE edges were assigned if water flows or shifts from one landscape group (groundwater system) to another. This means that if water flows from any subunit in the landscape group to another group, an EE edge will be created between the two landscape groups. For example, grassland near river is affected by river flooding, creating a link (edge) between the grassland group and river (water flows from river to grassland), although grassland which is away from the river only extracts water from the groundwater system. The direction of the EE edges represents the direction of the water flow.



All the EE edges are weighted by the average amount of water flow between ecological nodes. The surface water and groundwater irrigations measured by the water department were used to determine the weights of edges between the farmland group and the river and groundwater systems. The weight of edges between the midstream and downstream sections was determined by runoff observations at the two hydrological stations (Yingluo Gorge and Zhengyi Gorge). The weight of the edges between river and the groundwater system was determined based on the model simulation value of surface–groundwater exchange volume [30,31].



Since there is no observed data to determine the weights of the edges between forest, grass, wetland (not including wetland, Sogo Nuur shown in Figure 1, in downstream region, the weight of whose link with river can be determined by the runoff observations), and river (groundwater system), in this study, we assume that the surface evaporation of landscapes unaffected by flooding is all from groundwater, and the surface evaporation of landscapes affected by flooding comes from surface water and groundwater. Hence, these weights were estimated by the evaporation of the forest, grass, and wetland. The detailed calculations of evaporation were provided in the Supplementary Materials. Besides, because of the scarce precipitation in our study area, we assumed that there was no water flow among forest, grassland, and wetland.




2.3.2. Social Network Construction


To construct the social-level networks, we conducted a comprehensive survey of the HRB in 2016 to determine the governance structure of the river basin through symposiums with management agencies and semistructured interviews with stakeholders. Through the survey and interviews, we obtained information for LWAP and RWAP as follows:




	(1)

	
What agencies and organizations related to water management work in our study area and what are their responsibilities and functions?



In the symposiums which was organized by HRBR (S1), representatives of agencies and organizations undertaking work in the basin stated their management objectives and functions. All the agencies and organizations were defined as social nodes. The list of the management agencies and their functions can be found in Table S1.




	(2)

	
What’s the jurisdiction of agencies and organizations and which landscape they work in?



Representatives provided this information during symposiums and interviews, based on which, edges between social and ecological nodes (SE edges) were established. For example, representatives of Zhangye Land Bureau (ZhLB) answered this question and said that they worked in the farmland in midstream (E1), the link between ZhLB and E1 was then established and “1” was set to the corresponding position in the adjacency matrix. For organizations who do not work in resource and landscapes, such as Governments (S8, S9), we suppose that there is no linked ecological node.




	(3)

	
Are they affiliated or in collaboration with other agencies and how productive do they perceive the management and collaboration to be?



We conducted interviews with representatives of agencies (organizations) to ask them this question. If there is an affiliation or interorganizational collaboration between any two agencies, a link (edge) will be established between them (SS edges) and “1” will be set to the corresponding position in the adjacency matrix. Otherwise, no link will be established between them and “0” will be set.










2.3.3. The Multiple SE Network Construction


After determining the SE adjacency matrix, we constructed the multiple SE networks. Networks in which multiple relations occur within the same system are termed “multiplexed”. In our study, this multiplex network consisted of only ecological nodes but there were two different types of linkages (edges) between ecological nodes. The first type of linkages were ecological connections, which were the same as the EE edges. The second type of linkages were managed links. They were formed between a pair of ecological nodes when one agency comanaged the two ecological nodes or there was a collaboration between the management agencies of the two ecological nodes. For example, from Figure S2, HRBR managed both the Middle reaches (E2) and Downstream reaches (E4) during RWAP; therefore, a managed link between E2 and E4 was established. Hence, each pair of connected ecological nodes (the value of EE edges = 1) would be judged based on the SS and SE edges in the adjacency matrix to establish whether there is a managed link between them. We only consider the managed links of the connected ecological nodes, because managed links between the unconnected ecological nodes are meaningless for our research. Hence, an adjacency table showing the two types of edges was established, which can be used to visualize the multiple SE networks in the R igraph software package.





2.4. Measuring Network Structures


Several well-known measures were used to analyze the network structure and one measure of matching degree was applied to analyze the SES match. Network density [32] measures the number of edges present between nodes relative to the total possible number of edges (ranging from 0 to 1). Strength (weighted vertex degree) [33] measures the strength of vertices in terms of the total weight of their connections. In the ecological networks, density reflects the intensity of connections between ecological nodes, while strength reveals the importance or centrality of a node in the network. Betweenness centrality [34] is defined as the number of shortest paths between pairs of vertices that pass through a given vertex. A social node with high betweenness is crucial for connecting different regions of the network by acting as a bridging actor. Community detection [35] refers to the division of the vertices of a network into groups or communities according to the pattern of edges in the networks. The groups that were formed were tightly knit, with many links inside the groups and only a few links between groups. We identified the optimal community structure of the ecological network by maximizing the modularity measure over all possible partitions [36] to understand the ecological network structure.



The matching degree is a new indicator that we developed in this study to reflect the extent of matching in SE networks. It is defined as the number of managed links relative to the total number of EE edges, which ranged from 0 to 1 (0 represents that there is no managed links between all the connected ecological nodes, and 1 represents that each pair of connected ecological nodes has a managed link). A high value represents a high match in the SES. All indexes were calculated in the R igraph software package.





3. Results


3.1. Evolution of the Ecological and Social Networks


Figure 4 shows the evolution of the ecological and social networks. The circles represent ecological nodes and rectangles represent social nodes. The analysis of the ecological network showed that the basin ecological network was a sparse network (network density = 0.12 and 0.13 during LWAP and RWAP) and the river system, groundwater systems, and farmland, which had a high degree of centrality, played vital roles in the networks. The topological structure of the ecological network only experienced minor changes from the LWAP to the RWAP, but the weighting of most edges in the network clearly changed. The colors of the nodes in the ecological networks denote the memberships of the two communities, which were identified by the optimal algorithm. The results of communities identified correspond almost perfectly to the known landscape groups in the middle and downstream regions. The two most weighted nodes, E2 (river landscape in the midstream reach) and E4 (river landscape in the downstream reach), appeared in different communities. The weight of edges in the downstream region (red ecological nodes) displayed an increasing trend.



From the social (governance) network in the HRB shown in Figure 4, there was no linkage between organizations in midstream and downstream regions during LWAP. It was apparent that the most significant change in the social (governance) network structure was that a new social node S1 (HRBR), which had the highest betweenness centrality, emerged and connected the water bureau in the midstream (S4) and downstream regions (S2) as a bridging organization. Besides, there was a collaboration between water (S4) and forest (S5) bureaus in Ejna during RWAP.




3.2. The Matching Degree of the Ecological and Social Systems


A matching index was used to understand the fit (match) between ecological and social systems. The results (Figure 5) showed that the basin SES had a low matching degree, although it increased from 0.33 to 0.53 over the two water allocation periods. The increase in the matching degree was mainly due to the emergence of a new managed link between E2 (the middle reaches of the river) and E4 (the lower reaches of the river). These two nodes had the greatest centrality degree in the SE network, which demonstrates that they had a significant impact on the entire network. Node E1 (farmland in midstream) had a high strength (weighted degree) in the ecological network, but had a low matching degree in the SE network. This indicated that the management of the farmland in the midstream region was relatively isolated.




3.3. Effects of the SES Structure Change


From an analysis of the SE network, the structure of governance network did not align with the river systems which were governed during the LWAP, which led to the gradual decrease of streamflow in the downstream region (Figure 6A) and resulted in the degradation of downstream ecological functions. Figure 6B,C show that groundwater levels in the downstream region declined, and the terminal lake (E12) shrank and eventually disappeared during the LWAP.



After the structure of the SE network changed and the matching degree of SE systems increased, the increase in the proportion of downstream surface water followed the closure of these, and the water volume in the middle and lower reaches gradually reached a new balance (Figure 6A). The farmland in both downstream and midstream regions also responded to the structure change of the SE network and began to expand, and the expansion of the downstream farmland occurred at a remarkable rate (Figure 6D). The groundwater level in the downstream region was elevated and the terminal lake gradually recovered during the RWAP. However, the groundwater level in the midstream region continually declined after the structure of the SES changed.





4. Discussion


4.1. High-Level Authority Improved the Basin SES Fit Which Promoted the Sustainable Management of the River Basin


A spatial-scale mismatch resulting from rivers spanning various human-defined boundaries often results in ecological degradation [37,38,39]. Our results showed that the degradation of the downstream regions of the HRB before 2000 followed this general pattern. The directionality of the ecological network in the HRB indicated that local stakeholders in midstream and downstream regions were not equal in terms of water resource access, with downstream actors being at a disadvantage. They could not capitalize equally on the benefits of horizontal collaboration, which made horizontal collaboration difficult. Hence, a highly centralized government agency could coordinate stakeholders efficiently and manage the river by force. In our study, a new deliberate and purposeful governance regime obviously changed the structure of basin governance through HRBR. Due to its high betweenness, the HRBR is a bridge organization that promotes coordination and cooperation between the water-related organizations in the midstream and downstream areas. The matching degree of the basin SE system therefore increased from 0.33 to 0.53. The spatial-scale matching of the river and its management enabled river water reallocation between midstream and downstream areas, as shown in in Figure 6A, with the water volume in the middle and lower reaches gradually reaching a new balance. Both the economy and population in midstream and downstream regions then developed rapidly [40]. Given the huge impact of the downstream river reaches, the ecosystems in the downstream areas of the basin have therefore been considerably restored, with 11.8% of the downstream area showing a significant increasing trend in mean growing season normalized difference vegetation index (MGSNDVI) values over the RWAP [40]. The terminal lake also gradually recovered over the same period.




4.2. Cross-Boundary Management Restricted to Only the River Has Exacerbated Local Environmental Pressures


Although the emergence of bridging organization improved the SE match and increased the effectiveness of basin governance, there are still governance challenges to face, including the SE mismatch [41]. From our results, the ecological network in the HRB has a low network density and high vertex strength, and the ecological nodes with high strength (middle reaches and downstream reaches) are well-connected but belong to different communities. This implies that the effect of the actions of these high strength nodes can spread to other nodes beyond the realm of managing actors because the nodes inside one community always show stronger connections among them. Moreover, our results indicate that the basin SE network has a low matching degree, which demonstrates that many ecologically interconnected nodes have relatively isolated management regimes. For example, as an alternative surface water resource, the utilization of the groundwater in the midstream region cannot be independent of the surface water allocation pattern in the regional environment. Moreover, the regulation and monitoring of groundwater extraction are difficult and are therefore rarely applied. Without organizations comanaging the farmland and groundwater use, farmers in midstream regions would develop a greater dependence on ground water to irrigate because of the reduction of surface water in midstream regions caused by river comanagement. This is indicated by the continued decline in groundwater in midstream areas shown in Figure 6C. Hence, ignoring the location and importance of ecological nodes in the network, managing only a subset of the nodes (resources) will exacerbate local environmental and ecological pressures.



A similar problem has also occurred in the downstream region. After the change of the social governance network, the amount of streamflow discharged to the downstream region increased, and the economy and population developed rapidly. The water demand for farmland in the downstream region will therefore undoubtedly increase. It can be expected that farms will expand continuously and compete for water with the local ecosystems if there is no comanagement and coordination between farmland and ecological use on water.




4.3. Implications for Sustainable Basin Governance


The HRB has complex social and ecological factors that interact with each other and involves common resources, whose governance cannot be addressed by a single disciplinary approach but rather requires an integrative approach, with interdisciplinary consideration and collaboration. Hence, a social-ecological network perspective is required to fully understand the key processes and linkages between people and nature. Although this has been recognized [42,43], it is still a challenge to apply it to basin governance. To achieve sustainability in the basin, a more robust governance regime should be created, and the function of the sectors and organizations should be determined and improved by considering not only the spatial-scale of the ecosystem, but also the characteristics of the basin’s ecological network. Since the farmland is an important ecological node of the SES in HRB, its change in area and crop planning structure, which impact the irrigation amount, will affect the whole network. Hence, in the future, the HRBR should coordinate watershed spatial planning to manage both the cross-boundary river and the lands (forest, farm, and grass) within a network system. Moreover, the local land sectors should cooperate with the water sector, which will further improve the matching degree of the SES, to determine the appropriate scale of agricultural land and control its expansion to avoid the occupation of ecological water.




4.4. Comparisons With Other Commons Governance


Previous social-ecological system studies are based on separate commons, such as a fisheries [13,16,44], lakes [45], pasture [46], or forests [15,17,47]. When using the network approach to disentangle it, the focus of attention is the relationships between actors (who directly obtained resources) and resource, hence the construction of the network relationship is straightforward and the change of the dependence of the actor and resource will lead to direct short-term outcomes, even if governments also play different roles in the process. The key progress of the SES studies, the hypothesis of collaboration between actors causing positive outcomes of resource, is also based on these studies of SES. However, the riverscapes involving multiple commons resources (such as forest, lake, grass) and multisector management should be regarded as a hugely complex SES which consist of multiple small SESs [2]. Especially in China, governments play a leading role in riverscape management because of the unique social and cultural background. In our study, a social-ecological network approach was firstly used to conceptualize a complex SES, Heihe riverscapes in China, into a network, and effectively capture and analyze the relationships between social and ecological nodes. It is a meaningful attempt to advance the understanding of human–environment relationships and provides key and unique empirical insight into SES research. More similar cases are still needed to test the hypothesis based on separate SESs and to verify the practicality of the approach in the coupled complex social-ecological systems.





5. Conclusions


The social-ecological perspective is a new idea for dealing with riverscape management. In this paper, we constructed and analyzed a social-ecological network of riverscapes in the Heihe River Basin by a social-ecological network analysis method, which is a new and efficient method to deal with the structure of social-ecological systems, and investigated the structural changes and their outcomes. Results indicated that the success of basin governance for sustainability requires not only the spatial matching of a certain ecological node (resource) and its management, but also a matching between the management network and the ecological network. We suggest the local land sectors should cooperate with the water sectors to further the social-ecological matching and determine the appropriate scale of agricultural land. Land policies controlling the expansion of agricultural land should be formulated to avoid the occupation of ecological water. These will require new and creative forms of cooperation among government sectors, ecologists, and stakeholders to sustain and rebuild harmonious human and natural ecosystems in the future. More case studies in different fields and regions are necessary to investigate the relationship between social-ecological structure and its ecological outcomes.
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Figure 1. Location of the study area. 
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Figure 2. A social-ecological (SE) system represented as an SE network. The multilevel structure captures the dependencies that exist within the system, how social and ecological system elements relate to and depend on each other, and the constraints and opportunities social actors face in taking actions within the system structure. 
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Figure 3. Social-ecological adjacency matrix. The ecological nodes are linked directionally through ecological process (EE edges). Social nodes are connected nondirectionally (SS edges). The figure was modified from [12]. 
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Figure 4. Variations in the ecological and social network characteristics of the basin. Ecological nodes (circles) are scaled in relation to the scores for strength and colored by the optimal community structure. Social nodes (rectangles) are scaled in relation to the scores for betweenness. The number of each node is shown in the nodes. The numbering details are provided in Table S1. LWAP was the local water allocation period (year 1990–2000), and the RWAP was the regional water allocation period (year 2000–2010). 
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Figure 5. Measures of SE networks structure during the LWAP and the RWAP in (A,B). Dark red lines between ecological nodes represent managed links. Gray lines represent ecological links. The nodes represent the landscape groups whose numberings are shown in the nodes and the sizes have been scaled by the degree of the nodes. We have omitted the arrows of the ecological link to improve the ease of display. The degree in this SE network was calculated according to undirected paths. 
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Figure 6. The main eco-hydrological and social-economic processes during the LWAP and RWAP. The ratio of surface runoff in the middle and lower reaches are shown in (A); (B) shows the area change of Heihe River Basin (HRB) terminal lake; the average groundwater levels in middle and lower regions are shown in (C); the changes of farm area in middle and downstream regions are shown in (D). 
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