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ABSTRACT: River ecosystems sustain socio-economic development via the provision of essential 
ecosystem services, which are of direct relevance to achieving the Sustainable Development Goals (SDGs). 
A paradigm shift in river management over the last 30 years, away from engineered channels that 
predominantly increase drainage efficiency, towards more restorative and holistic approaches that integrate 
hydrological, geomorphological, and ecological systems, makes this an ideal time to reflect on both the 
successes and future trajectories in river ecosystem management. Therefore, we synthesize published 
research on river ecosystems within the SDG framework using a suite of knowledge visualization tools. 
Co-occurrence analysis reveals that research in river ecosystem science can be broadly split into three 
themes: water quality, water flow, and aquatic organisms, and that most published work spans more than 
one of these themes. Co-word network evolution reveals a significant increase over the past decade in 
research on climate change, emerging pollutants, and the dynamics of riparian communities. Regions with 
different levels of socio-economic development exhibit markedly different research priorities. Correlation 
analysis between article keywords and the SDGs reveals synergies and trade-offs between river ecosystems 
and the achievement of 130 of the targets. Under the SDGs framework, these findings highlight frontier 
research priorities and provide a knowledge base to support the sustainable management of river ecosystems 
in the face of future challenges. 

Keywords: River ecosystem; Sustainable Development Goals (SDGs); River management; Knowledge 
visualization; Ecosystem services 
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1. Introduction 

Rivers connect freshwater, terrestrial, and marine ecosystems and provide essential services to human 
society. River ecosystems are integral to socio-economic development due to their provisioning services 
(water, food, electricity) and cultural services (tourism, aesthetic enjoyment) [1,2]. River flow and condition 
drive the development of fisheries and tourism, and control land drainage with implications for agricultural 
land use and river hazards. Access to waterways for transportation can provide a strong boost to industry. 
In addition, rivers’ cultural and ecological resources attract people, and riverside property is often highly 
desirable [3]. As such, people are highly dependent on the services provided by river ecosystems, and 
human development over millennia has been closely aligned with river use and management [4]. This close 
association between rivers and people over thousands of years has had detrimental impacts on river 
ecosystems due to a multitude of impacts, including habitat simplification, altered hydrological flows and 
functioning, pollution, and the spread of invasive species [5,6]. Anthropogenically altered river ecosystems 
are also more vulnerable to future changes due to continuing environmental and climate change [7,8]. 

Challenges to sustainably managing rivers are multifaceted and change as society develops. 
Urbanization and industrial development have brought significant benefits to human society, but also pose 
increasing challenges to river ecosystems. The inherent temporal variability and spatial heterogeneity of 
river ecosystems can make them unpredictable and challenging to manage. Competing human uses of river 
resources have also led to significant declines in river conditions globally, further increasing the challenge 
of sustainable river management. For example, the proliferation of global trade and e-commerce is closely 
linked to the introduction of alien species [9], and the construction of dams to reduce river hazards and 
provide electricity disrupts the continuity of rivers [10,11]. Studies have shown that river ecosystems in 
densely populated areas are particularly impacted and almost all experience altered flow regimes [7]. New 
pressures have also emerged over recent decades, including plastic pollution and novel pesticides [12,13]. 
Therefore, both emerging and persistent threats to river ecosystems need to be identified to develop 
appropriate responses. 

The intricate relationship between human activities and river ecosystems requires the development of 
sustainable river management measures to balance river ecosystem health with human needs. The success 
of the Millennium Goals [14], the predecessors of the United Nations Sustainable Development Goals 
(SDGs), shows how global goals can be used to drive management. The SDGs [15], comprising 17 goals 
and multiple targets, from the perspective of economic development and social inclusion, aim to promote 
economic prosperity while protecting the planet, eradicating poverty, improving the environment, and the 
lives of all people. Several SDGs are directly related to freshwater ecosystems and biodiversity [16,17] 
(e.g., Goal 6: Clean Water and Sanitation; Goal 14: Life below water), and targets are proposed to achieve 
them, providing directions for the management and development of river ecosystems. The implementation 
of other SDGs could hinder or benefit the sustainable development of river ecosystems, so understanding 
the synergies and trade-offs between SDG actions is essential for river conservation and management [18]. 

While previous studies have explored links between water ecosystems and the SDGs in terms of water 
security [15], there remains a lack of nuanced understanding of the linkages between river ecosystems and 
specific SDGs targets. To promote the management of rivers within the context of sustainable development, 
we build on previous research, supported by a scientific mapping approach to (1) explore the temporal 
evolution, changing research priorities, and emerging challenges in river ecosystem management; (2) 
compare the distinct frontier trends in river ecosystem research between developed and developing regions; 
and (3) identify the interdependencies between river ecosystem management and the SDGs targets. By 
answering these aims, the linkages between river ecosystems and SDGs can be understood in more detail, 
informing researchers in formulating future management policies and development plans, and providing 
guidance for the management of river ecosystem development. 
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2. Data Source and Methodology 

2.1. Data Source and Preprocessing 

The Web of Science Core Collection was used for literature searches. In this study, the exact query for 
river ecosystems was TS = (“river* ecosystem*”), and the period was from 1990 to 2025 because the 
number of articles before 1990 was less than 0.7% of the total number of articles, and there was no 
systematic generation of keywords. In the initial screening of the search, only research articles and reviews 
were selected. Raw data, including title, author, abstract, year of publication, journal of publication, author 
affiliation, and several citations, were derived from the retrieved documents. 4397 papers were obtained in 
this search, including 4195 research articles and 202 reviews. 

2.2. Theme Co-Occurrence 

Papers were initially classified based on broad themes related to the provision of ecosystem services. 
These were: water quality, water flow, and aquatic organisms, and common keywords within each theme 
were recorded and listed in Supplementary Table S1 (see Supplementary Text S1 for the classification and 
screening of keywords). The theme literature was categorized by the keywords according to Supplementary 
Table S1, and where a single article had keywords in multiple themes, that article was noted as cross-theme. 
The search results showed that a total of 4309 papers were obtained through the keyword search, and an 
additional 88 un-retrieved papers were manually classified. Meanwhile, 8 papers were deleted as irrelevant 
to river ecosystems. Therefore, a total of 4389 papers were included in the analysis. After establishing the 
node files and link files, the distribution of literature in different themes was visualized with Gephi 0.10.1 
(Figure 1), and a force-directed layout algorithm enabled the visualization of the connections and 
distribution characteristics of the theme distribution [19,20]. 

  

Figure 1. Distribution of literature into one or more of three broad themes (water flow, water quality, aquatic organisms) was 
identified based on subject classification analysis. Yellow circles represent the number of studies in each of the three research 
areas; small circles with different colors represent individual papers, and their colors indicate how many themes each paper 
includes. The size of the circles indicates the average per year citation frequency for the document. 
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2.3. Keywords Analysis 

It is necessary to select time series keywords before analysis and visualization. We primarily utilized 
author keywords to represent the core focus of the literature. For publications where author-provided 
keywords were unavailable (such as articles published in Nature or Science), representative terms were 
extracted directly from the article title [21]. Specifically, this extraction involved removing common stop-
words (e.g., “the”, “effect”, “study”) and isolating meaningful noun phrases that align with our thematic 
scope. To ensure the accuracy and reliability of the co-word analysis, we conducted a standardized merging 
and cleaning process for the keywords [22]. Keywords were standardized by merging terms with similar 
meanings, including singular and plural forms (e.g., “pollutant” and “pollutants”), full names and 
abbreviations (e.g., “ecosystem services” and “ES”), and spelling variants such as hyphenated forms (e.g., 
“land-use” and “land use”). Second, non-informative words were removed. In addition, to focus on 
generalizable scientific concepts, proper nouns (e.g., names of specific countries, cities, and rivers) were 
excluded. Finally, to prevent high-frequency background words from dominating the network structure and 
obscuring potential thematic associations, the initial search terms used to build the corpus of this study (e.g., 
river ecosystems, rivers, systems, ecology) were deleted. 

Time series analysis of keywords can reveal the temporal evolution of research directions. The 
approach of co-word network evolution assists in understanding current research frontiers (Figure 2). To 
understand the shift in research hotspots between previous studies and river ecosystem research in the last 
decade, as well as the impact of the publication of the SDGs on river ecosystem research, we divided the 
research period from 1990 to 2025 into two time periods (1990–2015 and 2016–2025). By comparing 
keyword frequencies across these two periods, temporal trends in research focus were identified. 

When the frequency of keywords appearing in the first period is higher than that in the second period, 
it means that the keywords show a decreasing trend, and vice versa. Since the number of annual publications 
varies through time, normalized frequencies (𝐹௬௥) were used to standardize comparisons of topics through 
time. The normalized keyword cumulative frequency (F) was calculated based on the keyword frequency 
and the number of papers (𝑁). The past (𝐹௣௔௦௧) or current (𝐹௖௨௥௥௘௡௧) normalized cumulative keyword 
frequency was defined as representing the number of keyword-related papers per 1000 papers in the past 
or current period, respectively. The logarithm of the ratio of 𝐹௖௨௥௥௘௡௧ to 𝐹௣௔௦௧ was also used to reflect the 
keyword change trend [23]. 

𝐹௬௥ ൌ
∑ 𝑓௬௥௦
௝
௬௥ୀ௜

∑ 𝑁௬௥௦
௝
௬௥ୀ௜
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To visualize the results, a bubble chart was drawn with 𝐹௖௨௥௥௘௡௧ as the y-axis and 𝐹௣௔௦௧ as the x-axis. 
Each bubble represents a keyword and uses color to indicate the differentiation of the trend factor, and the 
bubble size indicates keywords frequency. Keywords with trend factors greater than 0.4 and those that did 
not appear during the period 1990–2015 were further analyzed with heat maps to assess annual trends and 
reveal current hot topics in river ecosystem science. For emerging keywords, we selected the 50 most 
frequent keywords to create a heat map to show the trend of new research (there may be keywords that are 
not shown in the author’s keywords in the first phase of research, but are slowly being applied to the 
environmental field as more research is done). Furthermore, considering that differences in regional 
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development lead to distinct spatial distribution characteristics in the research focus on river ecosystems, 
we classified the countries into developed and developing regions based on United Nations standards [24], 
in order to compare and reveal the historical evolution and frontier trends of river ecosystem management 
across different stages of development. 

 

Figure 2. (a,c,e) Keywords with an occurrence frequency greater than 5 (bubbles) based on the time trend distribution of past 
(1990–2015) and recent (2016–2025) normalized cumulative frequencies (some bubbles with the same trend factor and 
normalized cumulative frequency will appear superimposed). The shade of color indicates the magnitude of the trend factor 
value of the keyword. The size of the bubble indicates the cumulative frequency of the keyword. (b,d,f) Temporal trends of 
emerging keywords for the period 2016–2025. Keywords are ranked by cumulative frequency. Emerging keywords indicate new 
keywords that did not appear in the first stage and appeared exclusively in the latter period. Among these, (c,d) represent the 
keyword trends in developed regions, while (e,f) represent the keyword trends in developing regions. 
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2.4. Linking to SDGs 

Research on river ecosystems is closely linked to the SDGs. Building on this premise, we aim to 
establish connections between research hotspots and priorities in river ecosystem studies and the SDGs. 
First, emerging, high-trend, and high-frequency keywords are extracted from the literature, after which core 
keywords are identified within three thematic frameworks: water quality, water flow, and aquatic organisms. 
High-frequency keywords are defined as those ranked within the top 10% by cumulative frequency (after 
excluding keywords with a frequency below 10) [25]. High-trend keywords are identified using a threshold 
of a trend factor greater than 0.4, ensuring that selected keywords exhibit sustained and significant growth 
while minimizing interference from low-frequency stochastic fluctuations and edge effects caused by 
temporal segmentation [23,26]. Emerging keywords refer to author- and title-derived terms that appear 
exclusively in the second stage. The resulting keyword set is then subjected to semantic normalization: 
generic background terms lacking clear ecological specificity (e.g., “ecosystem”) are removed, and 
semantically similar or redundant terms are consolidated. Ultimately, 20 representative keywords were 
selected for correlation mapping with the SDGs. 

To link SDGs to current research on river ecosystems, we used an ecosystem-SDGs correlation analysis 
method. This was performed via the following three steps. Keywords for the 169 SDGs were first identified 
(bolded keywords in each goal sentence statement in Table S2), and we used the keywords identified in the 
article by Wang et al. [16]. Secondly, the keywords associated with each SDG were searched in the database 
of keywords compiled from academic publications related to rivers (e.g., “freshwater biodiversity”, “aquatic 
ecosystem,” or “fluvial ecosystem”). Thirdly, potential links between SDGs and river ecosystems were 
explored by manually scrutinizing the search results. Assessments of the interactions between SDGs and river 
ecosystems may differ between experts and approaches, but the approach using keywords was deemed 
appropriate given the focus of this work on exploring the scientific evidence for linkages in our understanding, 
which is being iteratively updated, between SDGs and river ecosystem science. 

3. Results 

3.1. Thematic Characteristics of River Ecosystem Research 

Among the services provided by rivers, those related to water quality, water flow, and aquatic 
organisms were most often quantified. The results of the analysis here show that studies that included 
multiple themes tended to have higher publication volume and higher citation values than those focused on 
a single theme (Figure 1). Specifically, out of the 4389 documents included in the analysis, cross-thematic 
papers hold an absolute advantage in terms of publication volume, totaling 3814 papers and accounting for 
86.74% of all literature related to river ecosystems. Among these, cross-thematic papers involving all three 
themes reached 1120 publications, representing 25.5% of the total. Notably, whether in single-theme or 
cross-thematic contexts, research on aquatic organisms consistently accounted for a larger proportion than 
other themes at the corresponding level. In terms of academic influence, cross-thematic papers achieved an 
average annual citation frequency of 4.39, which was significantly higher than the 3.96 citations per year 
observed for single-theme papers. 

3.2. Changing the Focus of River Ecosystem Science 

The major research themes identified through keyword analysis shifted between 1990–2015 and 2016–
2025 periods (Figure 2). From a global perspective, the keyword evolution maps (Figure 2a,b) indicate that 
the foundational themes of river ecosystem research have remained stable, while emerging topics have 
rapidly expanded. At the macro level, “water quality”, “climate change”, and “biodiversity” consistently 
exhibit very high cumulative frequencies, representing the core focus of global river ecosystem research 
and forming an important research foundation. Concurrently, river ecosystem science is undergoing a 



J. Watershed Ecol. 2026, 1(1), 10008. doi:10.70322/jwe.2026.10008 7 of 17 

 

significant transition. While traditional topics such as physical habitat restoration have maintained 
relatively stable levels of attention, new research frontiers have emerged in the latter period. These include 
emerging pollutants, such as “microplastics” and “antibiotic resistance genes”, as well as high-throughput 
molecular monitoring and artificial intelligence approaches, such as “environmental DNA(eDNA)” and 
“machine learning”. Overall, river ecosystem research interests are evolving from conventional assessments 
of water quality and water flow toward more mechanistic investigations of emerging pollutants and micro-
scale community dynamics. Furthermore, a regionally stratified analysis of the global literature reveals 
clear heterogeneity in research patterns across regions with different levels of socio-economic development. 

In developed regions, research hotspots in river ecosystems have notably shifted from basic pollution 
control and single-species surveys to macro-level research on global change and comprehensive ecosystem 
management. Over the past decade, “climate change”, “ecosystem services”, and “multiple stressors” have 
emerged as core topics in these regions. Notably, “resilience” and “global change” exhibit exceptionally 
high trend factors (Figure 2c, indicated by the red bubbles in the upper-left section of the chart). Developed 
regions place a strong emphasis on biological stressors, such as “invasive species”, and extensively utilize 
eDNA techniques to conduct large-scale, high-throughput monitoring, which provide a scientific 
foundation for enhancing system resilience. In addition, within the realm of river hydrology, research 
related to “hydropower” also occupies a prominent position. 

The research trends in developing regions (Figure 2e,f) exhibit distinctly different characteristics, with 
research focus highly concentrated on the assessment of severe environmental disturbances and acute 
pollution caused by human activities. The bubble plot indicates that while “water quality” accounted for a 
significant proportion in both periods, “heavy metals”, “risk assessment”, and “urban rivers” emerged as 
strong trends during the 2016–2025 period. Furthermore, regarding microecological responses, 
“microbial/bacterial communities” and “dissolved organic matter (DOM)” exhibited exceptionally high 
activity; heatmap data further corroborate this trend, showing a sharp increase in the frequency of 
“community assembly” between 2024 and 2025. 

3.3. Synergies Between River Ecosystem Science and Achieving SDGs 

According to the theme analysis, river ecosystems are still facing many historical environmental 
problems as well as emerging issues, which intersect with multiple aspects of the SDGs (Figure 2). The results 
show that the 20 screened keywords are strongly associated with the 17 goals (Figure 3). In the SDGs 
correlation analysis, SDG 6 (Clean water and sanitation) and SDG 15 (Life on land) exhibit the highest 
mapping weights, constituting the core foundation of current river ecosystem research. Concurrently, against 
the backdrop of multiple environmental constraints, related research hotspots have further expanded to 
include goals such as SDG 3 (Good health and well-being), SDG 11 (Sustainable cities and communities), 
and SDG 13 (Climate action). Given the current state of research and trends in river ecosystems, managing 
river ecosystems so that they develop in a sustainable direction and reduce potential negative impacts is an 
urgent issue. Therefore, analyzing and understanding the links between river ecosystems and the SDGs aims 
to provide valuable insights for the sustainable management of river ecosystems. 
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Figure 3. Links between river ecosystem keyword hotspots and SDGs. The connection between the first and second columns 
indicates how themes are connected to individual keywords, and the thickness of the connecting lines indicates the trend factor 
(i.e., thicker lines mean use of this term has disproportionately been in the last ten years). The second and third columns indicate 
how keywords are connected to specific SDG targets. 

Keyword analysis identified interdependencies between river ecosystems and 104 of the 169 targets. 
Only one of the targets had a trade-off with river ecosystems, and 26 targets had both negative and positive 
effects on rivers, while the remaining 38 targets were not related to river ecosystems (Figure 4). The bi-
directional links between river ecosystems and SDGs are grouped based on whether SDGs have a 
predominantly environmental, social, or economic focus. The target matrix (Figure 4b) further reveals that 
the interactions between river ecosystems and the SDGs are predominantly characterized by synergies, a 
feature that is particularly pronounced among the environmentally focused targets (green squares). 
Conversely, the identified trade-offs (red squares) and mixed impacts (yellow squares) are heavily 
concentrated within the social and economic target groups. 
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Figure 4. Links between keywords of publications on river ecosystems and the UN Sustainable Goals. The second and third 
columns indicate how keywords are connected to specific SDG targets. (a) Subdivisions of SDGs related to river ecosystems are 
divided into those with social (red), economic (yellow), and environmental (green) concerns. Within the squares, the main links 
between river ecosystems and each of the SDGs are listed. (b) Synergies and trade-offs between the river ecosystem and the 
SDGs targets. Each rectangle indicates a target, with green indicating synergy between the target and the river ecosystem, red 
indicating trade-offs, and yellow indicating that there is both synergy and trade-off between the target and the river ecosystem. 
Grey squares indicate no evidence of a link in the papers studied. Table S2 provides detailed information on the linkages between 
each target and the river ecosystem. 

4. Discussion 

4.1. Global Trends and Regional Heterogeneity 

Cross-thematic studies dominate river ecosystem research, reflecting both its inherent complexity and 
integrative nature. This pattern reflects not only a trend in academic output, but also the strong coupling 
among physical, chemical, and biological processes inherent to river ecosystems, as highlighted by 
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frameworks such as the WFD [27]. The health of the aquatic organisms serves as an “indicator” for measuring 
the effectiveness of water quality and hydrological regulation [28]. For instance, alterations in hydrological 
connectivity significantly influence pollutant transport, while changes in water quality directly shape the 
structure and composition of biological communities [29]. Consequently, traditional single-perspective 
approaches are no longer sufficient to address the complexities of modern watershed management. 
Interdisciplinary assessments that integrate multiple stressors are gradually becoming the consensus, 
providing a more effective framework for understanding the combined impacts that shape river ecosystems. 

The evolution of keywords from a global perspective reveals that research hotspots have shifted from 
traditional basic physicochemical indicators to emerging pollutants and high-throughput microscopic 
monitoring. With increasing global emphasis on environmental protection, traditional high-concentration 
point source pollution (such as heavily polluted water bodies and heavy metals) has been effectively 
controlled to some extent. However, driven by modern industry and intensive agriculture, the massive 
consumption of global plastic products, and the widespread use of antibiotics in the medical and aquaculture 
sectors, the impact of emerging pollutants on ecosystems has gradually become prominent, and hidden 
chronic pollution problems have become a new focus [30]. For example, microplastics entering river 
ecosystems can easily accumulate in aquatic organisms and transfer along the food web, ultimately harming 
human health [13,31]. The cross-species horizontal gene transfer ability of ARGs poses a potential threat 
to global public health [11,32]. It should not be ignored that extreme hydrological events and abnormal 
water temperatures caused by global climate change affect the transfer and diffusion of various pollutants, 
further increasing the vulnerability of river ecosystems [8]. Therefore, the development of various 
technologies has become a key driver of river ecosystem research at both micro and macro scales. The 
application of technologies such as remote sensing, stable isotope tracing, eDNA, and machine learning 
enables continuous monitoring of river ecosystems over broader spatial and temporal scales and allows 
high-precision dynamic simulation, thereby contributing to the shift in this field from traditional descriptive 
analysis to predictive and management-oriented research [33–36]. 

For developed regions, as the process of urbanization has basically been completed, the research focus 
has shifted from early pollution control to later macro-ecological management and the enhancement of 
system resilience. Current research focuses more on ecological problems caused by historical changes in 
hydrological patterns (such as the disruption of river connectivity due to dam construction), increasingly 
frequent extreme weather events, and invasions of alien species [37]. Corresponding measures are also 
being taken to address these issues. Europe and the United States have reconstructed ecological connectivity 
by removing old dams [38]. On the other hand, large-scale monitoring of biological stressors (e.g., invasive 
species) has been strengthened to protect aquatic organisms [39]. On this basis, efforts are being made to 
explore new balances between human water demand, renewable energy (hydropower) development, and 
ecosystem sustainability, in order to enhance the ecological resilience of highly artificialized watershed 
systems in response to global change [40]. 

Developing regions are undergoing rapid and concurrent processes of industrialization and 
urbanization, resulting in more direct and intense human disturbances to river ecosystems [41]. Therefore, 
research in these areas still mainly focuses on water quality deterioration and related risks, with issues such 
as heavy metal pollution and urban river degradation being particularly prominent. Due to the high toxicity, 
bioaccumulation, and environmental persistence of toxic metals, these pollutants continue to attract 
attention in developing regions, making the analysis of their sources, exposure tracking, and health risk 
management important research directions at this stage [42]. At the same time, ecological responses at the 
micro level are gradually receiving attention. Microbial communities in benthic or aquatic environments, 
which are highly sensitive to environmental changes, are widely used as key indicators for assessing water 
ecological stress and system health [43]. 
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4.2. Complex Interactions Between River Ecosystems and Socio-Economic 

Water Quality. Water quality is critical to the sustainability of river ecosystems and human well-being, 
and its improvement is highly synergistic with environment-focused SDGs (e.g., SDGs 3, 6, 14). By 
reducing anthropogenic pollution stresses (e.g., controlling heavy metals, nutrients, and addressing novel 
pollutants like microplastics and antibiotics), it can not only restore degraded aquatic populations but also 
offset some of the debt of climate change to a certain extent (e.g., Targets 6.3, 6.6, 13.1, 14.1, 14.2) [44]. 
At the same time, the SDGs promote resource efficiency and waste minimization (Targets 9.4, 11.b, 12.2), 
as well as the construction of green infrastructure (such as green swales and wetlands) [45], which are 
mostly synergistic with reductions in river pollution inputs from the source. Furthermore, driven by social 
forces such as educational popularization (Target 4.7) and women’s participation (Target 5.5) [46,47], and 
coupled with the support of new technologies like stable isotope tracing, remote sensing, and big data, the 
spatial and temporal scale of land management and water quality research is expanding, providing solid 
scientific and policy support for holistic basin management and pollution prevention [33,34]. 

However, when pursuing specific socio-economic goals, water quality protection often faces profound 
trade-offs and sacrifices. For example, agricultural expansion and intensification aimed at alleviating 
poverty and hunger (Targets 1.1–1.2, 2.1–2.3) lead to increased use of fertilizers, pesticides, and antibiotics, 
often exacerbating ecosystem degradation at the expense of river water quality [48]. Global assessments 
reveal that, driven by food demand, up to 64% of global agricultural land is at risk of pesticide pollution, 
with nearly one-third (approximately 10 million square kilometers) at high risk. These pollutants deeply 
contaminate basin river networks through surface runoff and infiltration, severely compromising the 
resilience of natural aquatic ecosystems [49]. In addition, climate change contributes to and can exacerbate 
water quality problems (e.g., reducing greenhouse gas emissions would prevent further environmental 
problems triggered by rising water temperature). However, the implementation of some climate mitigation 
actions, if not linked to the local dynamics, could also create trade-offs for river ecology (Targets 13.1, 
13.2) [50]. For example, an excessive pursuit of vegetation carbon sinks can lead to a surge in 
evapotranspiration that approaches the carrying capacity of regional water resources, thereby substantially 
reducing surface runoff [51]. Meanwhile, although improvements in sanitation facilities have led to an 
overall decline in waterborne diseases, novel health risks from multiple environmental pollution (e.g., 
exposure to polluted water bodies and chemicals) still exist, further highlighting the extreme complexity of 
multi-objective coordination in water resources management (Targets 3.3, 3.8) [12]. 

Water Flow. Sustainable river flow management has significant synergistic value with multiple SDGs, 
particularly in increasing system resilience and restoring essential ecological functions. By implementing 
sustainable flow regulation to balance water demand, it is possible to mitigate adverse impacts on river 
communities while maintaining essential public services, thereby improving the management of the 
hydrological system downstream of the dam (Target 6.5) [52]. The development of flow regime models 
and the sharing of data and experience across transboundary rivers (Target 17.6) provide safeguards against 
water allocation problems and help alleviate regional conflicts. Furthermore, infrastructure upgrades also 
support synergies; for example, pumped storage hydropower plants can provide decarbonized grid power 
while minimizing impacts to river regimes (Target 7.2) [53], and reservoir infrastructure can provide 
comprehensive water quantity and water quality regulation. As the foundational carrier for renewable 
energy like hydropower, the rational utilization of river flow reduces reliance on fossil energy while 
indirectly avoiding large-scale, concentrated water withdrawals by fossil fuel-fired power plants and the 
discharge of thermal pollution, thereby forming a synergistic relationship between water flow regulation 
and the alleviation of water resource pressures (Targets 7.2, 7.a, 7.b, 8.4, 12.c) [54,55]. 

Nevertheless, the trade-offs and conflicts between water flow regulation and water resource 
development are particularly intense. Global water management paradigms must intrinsically account for 
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hydro-climatic heterogeneity across fine-scale spatial zones. For instance, in water-abundant regions, 
priorities predominantly center on mitigating extreme flood hazards and restoring longitudinal river 
connectivity. Conversely, in water-scarce areas—such as subtropical arid regions—the management 
paradigm fundamentally transitions toward a “scarcity-efficiency” framework, focusing on the highly 
efficient allocation of limited water resources [10,56]. For example, excessive water extraction by intensive 
agriculture is in direct conflict with the baseline Environmental Flow Requirements (EFRs) necessary to 
maintain river health (Targets 2.1–2.3). Studies indicate that approximately 41% of global agricultural 
irrigation occurs at the expense of environmental flows. Returning this water volume to ecosystems would 
subject more than half of the irrigated areas to a 10–30% decline in crop yields [57]. This highlights that 
without improvements in water-use efficiency, a singular focus on increasing food production can readily 
exceed the ecological carrying capacity of water resources, leading to ecological degradation. Furthermore, 
the expansion of feed crops driven by growing meat consumption (SDG 2) has become a dominant factor 
in river desiccation in livestock-producing regions, placing nearly 60 freshwater fish species in the western 
US at risk of extinction (SDGs 14 and 15) [58]. Conversely, implementing crop rotation and fallow 
management for feed crops can significantly alleviate water scarcity pressures. Therefore, the management 
of river water resources requires not only engineering regulation but also the integration of agricultural 
cropping structure optimization into a comprehensive governance framework. In addition, small 
hydropower, often regarded as renewable energy, has expanded rapidly worldwide in recent years. Its 
intensive damming effects disrupt the longitudinal connectivity of rivers and natural hydrological regimes, 
sparking widespread ecological controversy [59]. Therefore, there is an urgent need to clarify the 
evolutionary patterns of river runoff, seek optimal scientific solutions to balance environmental flow 
allocation and energy production [60], and systematically evaluate river engineering projects at the basin 
scale to reach a dynamic balance. 

Aquatic Organisms. The protection of aquatic organisms (e.g., freshwater fish, zooplankton, and 
microbial communities) is central to maintaining river biodiversity and the stability of food webs, and this 
protection is highly synergistic with broader ecological and social goals. Preventing water pollution and 
maintaining environmental flows directly provide suitable river conditions for the survival of aquatic 
populations (Target 15.1) [9]. At the same time, preventing the introduction and spread of invasive species 
(Target 15.8) is a key synergistic action to protect native ecological structures [61,62]. As technology 
advances, the development of more efficient, low-cost biomonitoring tools and new methods such as genetics 
and isotopes, combined with various ecological models, enables the scientific community to more accurately 
assess river biodiversity (Target 9.5) [63]. Combined with payments for environmental services (PES) 
mechanisms and organizational coordination at the national planning level, these efforts provide reliable data 
and financial support to maintain ecosystem services and promote river protection (Target 15.9). 

The survival of aquatic organisms is also constrained by the habitat trade-offs resulting from human 
development activities. Climate change, water quality degradation, and changes to water quantity and the 
physical and chemical environment caused by dam construction pose direct threats to survival at the 
population level (Targets 7.1, 7.2). For instance, assessments of the Amazon, Congo, and Mekong river 
basins indicate that unregulated water infrastructure development not only threatens the survival of 
approximately one-third of freshwater fish species but also undermines food and livelihood security by 
degrading flood-dependent production systems (SDGs 1 and 2) [64]. The development of transportation 
and economic trade has broken down bio-geographical barriers (Target 8.1), greatly exacerbating the risk 
of the spread of invasive species. These invasive, non-native species typically have strong environmental 
adaptability and benefit from a lack of predation, and their competitive advantage is expected to be further 
magnified under climate change. For example, the spread of the chytrid fungus (Batrachochytrium 
dendrobatidis), which has driven the decline or even extinction of 501 amphibian species globally, is 
intrinsically linked to the international wildlife trade [65]. Because rivers are particularly susceptible due 
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to their close association with humans and their longitudinal connectivity, once an invasive species 
establishes a population, it can readily spread, causing enormous damage to native biodiversity and 
economic loss [66]. This highlights the conflict between globalized economic development and the 
protection of native aquatic biomes. 

5. Conclusions 

Human activities are causing serious detriment to river ecosystems. As such, there remains an urgent 
need for better river ecosystem management that enables people to benefit from freshwater resources, whilst 
reducing freshwater-related risks and improving freshwater ecosystems. Here it has been shown that 
sustainable and successful river management underpins the achievement of most SDGs as an essential 
component of water security, human and wildlife health, food production, and resilient global ecosystems 
(Figure S1). Trends in river ecosystem science show continuing and increasing focus on the impacts of climate 
change and the need for environmental flows to balance growing human water demand with ecosystem 
functioning in a period of weather extremes and an uncertain climatic future (Figure 2). Achievement of many 
of the SDGs is synergistic with sustainable river management, although careful consideration will be required 
where potential trade-offs exist, for example, around increasing agricultural productivity. 

With 263 transboundary lake and river basins covering nearly half of the Earth’s land surface, 
managing water resources will require cross-regional cooperation [67]. Policymakers, water engineers, 
environmentalists, and ecologists are needed to balance water use among humans, agriculture, and industry, 
and ecosystems, particularly during periods of drought [40]. For cross-political border rivers, information 
sharing should be promoted between countries on information-sharing platforms, so water resources can be 
managed with equity, and response to flood and drought hazards can be better coordinated and managed 
(SDGs 13 and 17). Meanwhile, to address the implications of poor water quality for water availability, 
major initiatives will be needed to promote cleaner production technologies and water recycling. 
Furthermore, leveraging new methodologies with high spatial and temporal resolution, such as remote 
sensing, environmental DNA, and big data analysis approaches, enables river hazards to be monitored and 
managed at scales not previously plausible [68]. 

However, this study still has certain limitations in its macro-level comprehensive analysis at the global 
scale. First, methodologically, the current literature analysis primarily relies on keyword co-occurrence and 
clustering algorithms to reveal the evolutionary trajectory of research hotspots and map SDG linkages. 
Although this approach effectively outlines the global landscape of river management and interdisciplinary 
nodes, it essentially reflects semantic associations within the literature. There remains a lack of in-depth 
data mining and rigorous quantitative causal validation when exploring the underlying physical, 
hydrological, and biological mechanisms between various river governance measures and ecosystem 
restoration. Second, the adoption of a macroscopic perspective obscures the inherent heterogeneity of 
specific hydro-climatic zones to some extent. Particularly in water-abundant regions, the management 
priorities, which center on mitigating flood hazards, maintaining natural flood pulses, and restoring 
longitudinal river connectivity, differ fundamentally from the challenges of resource scarcity and allocation 
faced by arid regions. Therefore, building upon the existing macroscopic framework, further in-depth data 
mining can be conducted to strengthen the quantitative validation of the ecological mechanisms behind 
SDG synergies and trade-offs, as well as to deeply explore the research priorities and policies across 
different resource zones. 

Finally, the sustainable management of the river ecosystem needs to continuously reflect on the social 
context of environmental activities and the importance of society in the long-term sustainability of 
environmental actions. At the societal level, awareness of river conservation and biodiversity protection 
can be raised through education for all (SDG 4). Education reform and increased publicity can increase 
public awareness and understanding of river ecosystem protection, strengthen public supervision, and 
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improve unreasonable production and consumption behaviours (SDGs 12 and 16). Therefore, river 
ecosystem protection requires not only government involvement and the scientific community but also 
multilateral efforts from all social levels to jointly promote the implementation of environmental protection 
policies and sustainable practices. 

Supplementary Materials 

The following supporting information can be found at: https://www.sciepublish.com/article/pii/1053, 
Text S1: Classification criteria for subject keywords; Figure S1: Contribution of river ecosystems to SDGs. 
River ecosystem services were found to directly and indirectly contribute to 68 of the 169 SDG targets. A 
small circle represents an SDG target, with grey indicating that the river does not contribute to that SDG 
target, green indicating a direct contribution of river ecosystems to that target, and yellow indicating an 
indirect link; Table S1: Keywords related to the theme found in the study of river ecosystems. These 
keywords were then used to construct Boolean search queries, which were applied to the Web of Science 
database to retrieve relevant literature; Table S2: Synergies and trade-offs between river ecosystems and 
the UN Sustainable Development Goals. The table presents detailed information for each target. Keywords 
shown in bold were used to retrieve content related to river ecosystems and to establish linkages between 
the targets and river ecosystems. The table further summarizes these linkages, the reasoning, and the 
corresponding references. 
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