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Abstract 

The global proliferation of dam and reservoir cascades, which are crucial for water security, has 

transformed river flow and sediment dynamics, creating new flood hazards. This review consolidates 

evidence on "Medium Flood, High Water Levels" (MFHWL), where medium discharges cause 

historically elevated water levels. An analysis of 97 studies shows that the MFHWL is a systemic risk, 

not just a hydro-geomorphic issue. It arises from two drivers: (1) channel incision and sediment 

depletion from reservoir impoundment, which increases hydraulic efficiency and water levels during 

medium floods, and (2) asymmetrical management of multi-reservoir systems, where conflicting 

priorities and poor data sharing lead to uncoordinated releases, worsening hazards in altered 

channels. We propose a model framing the MFHWL as a coupled human-natural system, 

highlighting the feedback between physical processes and managerial decisions. These findings call 

for a shift in flood risk management, advocating non-stationary hydraulic models and adaptive 

governance of reservoir cascades to mitigate this threat in engineered river systems. While the Flood 

Risk Amplifier loop is substantiated by direct empirical evidence from multiple basins, the 

Management Amplifier loop, although conceptually grounded in governance theory, is supported 

by comparatively weaker empirical evidence and should be regarded as a provisional framework 

necessitating further testing. 

Keywords: Medium Flood High Water Level; systemic risk; reservoir cascades; 

asymmetrical management; channel incision; coupled human-natural systems 

1. Introduction

Dams and reservoirs are integral components of the contemporary hydrological landscape and

function as essential infrastructures for global water security, hydropower generation, and flood 

management (Lehner et al., 2011; Ren et al., 2015; Ren et al., 2017; Ahmadianfar et al., 2019; Hanazaki 

et al., 2022; He et al., 2024; Moridi & Yazdi, 2017). This engineering endeavor represents a large-scale 

experiment in river management, wherein multi-reservoir systems, although designed to mitigate 

hydrological extremes, have fundamentally altered the natural flow regimes and sediment dynamics 

that sustain riverine ecosystems (Graf, 2006; Best, 2019; Chen et al., 2017; Toosi & Samani, 2014; Hu 

et al., 2024; Lobera et al., 2016; Tonkin et al., 2021; Zhang et al., 2023). These modifications, including 
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sediment depletion, channel incision, and artificial suppression of high-flow events, generate 

cascading risks throughout the river basins (Ali et al., 2016; Di Baldassarre et al., 2018; Bilskie et al., 

2021; Garrick et al., 2018). 

Recent research indicates that anthropogenic alterations generate novel flood hazards, thereby 

modifying the relationship between discharge and river stages (Mandarino et al., 2021; Slater & 

Villarini, 2018; Su et al., 2020; Mandarino et al., 2021; Swarnkar et al., 2021; Wang et al., 2019). In 

heavily engineered river systems, these emerging flood hazards pose challenges to traditional flood 

management paradigms that are predicated on stationary hydrological assumptions and intricate 

socio-hydrological feedback mechanisms (Sivapalan & Blöschl, 2015; Wing et al., 2018; Blöschl et al., 

2019; Kellner, 2021; Michaelis et al., 2020). 

This review examines the medium flood, high water level (MFHWL) phenomenon, which 

signifies a disjunction between flood discharge magnitude and water stage, as observed in the Middle 

Yangtze River Basin. The MFHWL paradigm characterizes systemic risk, where medium-magnitude 

flood discharges yield water levels comparable to or surpassing historical maxima values. This 

transformation is a significant threat to public safety, infrastructure, and agricultural land (Hu et al., 

2021; Chai et al., 2020; Hu et al., 2022; Jiao et al., 2020; Qi et al., 2022; Sun et al., 2017). This creates a 

"safety-drag" effect, where the protection provided by upstream reservoirs is compromised by 

elevated downstream water stages for equivalent discharges. This paradox is most consequential in 

the Middle Yangtze, where the world's largest reservoir cascade, including the Three Gorges Dam, 

has induced profound geomorphic transformations (Dai & Liu, 2013; Wang et al., 2017; Dai et al., 

2021; Hu et al., 2022; Yu et al., 2013, 2018). 

Channel incision and sediment depletion enhance the hydraulic capacity of rivers, leading to 

diminished baseline water levels during periods of low-flow. This has resulted in the development 

of steeper and more efficient channels that facilitate the conveyance of medium floods with increased 

stages and flow velocities (Li et al., 2019; Slater & Villarini, 2018; Li et al., 2022; Call et al., 2017; Hu et 

al., 2024; Wang et al., 2019). This dynamic pose significant challenges to flood control protocols, 

infrastructure design standards, and risk perceptions, necessitating a re-evaluation of reservoir 

operations and flood management strategies in asymmetrically managed basins (Sivapalan & 

Blöschl, 2015; Post et al., 2024; Qiu et al., 2019). 

Extensive research has elucidated the immediate physical factors contributing to MFHWL by 

quantifying the effects of sediment depletion, channel incision, and floodplain disconnection (Lai et 

al., 2021; Li et al., 2019; Marren et al., 2014; Nelson & Dubé, 2015; Nichols & Viers, 2017). 

Simultaneously, a distinct body of literature has focused on optimizing reservoir operations, often 

modeling individual dams or hypothetical, ideally coordinated cascades to maximize specific 

objectives such as hydropower production or flood control (Giuliani et al., 2022; Giuliani et al., 2021). 

Despite the significance of this issue, a comprehensive synthesis is yet to be conducted. Current 

research frequently overlooks the integration of hydro-morphological drivers with the complexities 

of 'asymmetrical management,' which is characterized by uncoordinated actions across reservoir 

cascades, thereby posing system-wide risks. This review defines "asymmetrical management" as a 

condition prevalent in large transboundary or multi-jurisdictional river systems, characterized by 

conflicting operational priorities, fragmented governance, and a lack of coordinated real-time data 

sharing among entities (Akamani & Wilson, 2013; Diao et al., 2022; Akamani & Wilson, 2011; De 

Stefano et al., 2012; Lu et al., 2021; Tran & Tortajada, 2022). Such fragmentation results in blind spots, 

where the localized optimization of reservoirs triggers cascading responses, such as altered sediment 

fluxes or untimely flow releases, which are amplified through adjusted channels, thereby 

exacerbating downstream MFHWL risks (Pahl-Wostl, 2019; Larkin et al., 2020). This deficiency is due 

to an inadequate understanding of feedback loops between channel alterations and misaligned 

human operations, a nexus that must be elucidated to mitigate this hazard (Adams et al., 2017; Rajah 

et al., 2024; Ramaswamy & Saleh, 2020). 

This review advances beyond isolated disciplinary perspectives by introducing a novel 

conceptualization of the MFHWL problem as an emergent property of coupled human–natural 
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systems. We contend that a comprehensive understanding of its formation necessitates an 

examination of the feedback loops between the physical channel evolution and asymmetrical 

operational protocols governing multireservoir cascades. Although physical processes, such as 

channel incision, create the potential for elevated water levels during medium floods, the human 

system, particularly the uncoordinated timing and magnitude of releases from multiple reservoirs 

with competing priorities, trigger and amplify this risk into a tangible hazard (Wallington et al., 2020; 

Wei et al., 2021; Liu et al., 2007; Pahl-Wostl, 2019). 

This study introduces an integrated framework designed to synthesize various components 

from the literature. The framework establishes a connection between the geomorphic trajectory of a 

river, which is influenced by long-term sediment imbalance, and short-term operational decisions 

made by dam operators. This linkage demonstrates how their interactions generate systemic risk, 

which remains undetected when sectors are examined separately (Sivapalan, 2015; Brenna et al., 2020; 

Lee et al., 2022; Lyu et al., 2020). By analyzing the MFHWL from a coupled systems perspective, we 

developed a structure to diagnose the underlying causes of this paradox beyond its physical drivers. 

This approach identifies critical leverage points for mitigating emergent risks in heavily engineered 

river basins worldwide (Milly et al., 2008; Bennett et al., 2018; Taylor & Owens, 2009; Verschuur et 

al., 2024). 

2. Materials and Methods 

This systematic review was conducted to synthesize evidence concerning the formation 

mechanisms of the "Medium Flood, High Water Level" (MFHWL) phenomenon, with a particular 

focus on the influence of asymmetrical management on emergent systemic risk. The methodology 

adhered to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) 2020 

guidelines to ensure a comprehensive, transparent, and reproducible process (Page et al., 2021; Hill 

et al., 2023; Orimoogunje & Aniramu, 2025). The protocol is structured around four primary 

objectives: synthesizing hydrogeomorphic drivers, deconstructing asymmetrical management, 

developing an integrated conceptual model, and identifying priorities for future research. 

2.1. Search Strategy 

A thorough literature review was conducted using four primary academic databases: Scopus, 

Web of Science, PubMed, and Engineering Village. These databases were selected because of their 

extensive interdisciplinary coverage, which includes environmental science, engineering, water 

resources, and social governance. The search methodology incorporated a combination of keywords 

and Boolean operators relevant to three main thematic areas: (1) flood phenomena and hydrology, 

(2) river basin management and infrastructure, and (3) systemic risk and socio-hydrological systems. 

Key search terms included "medium flood," "high water level," "discharge-stage relationship," "flood 

paradox," "reservoir cascade," "asymmetrical management," "sediment starvation," "channel 

incision," "systemic risk," and "coupled human-natural system." A systematic database search was 

conducted until December 2024 across the Web of Science, Scopus, and Google Scholar, 

encompassing all publications available until that date. Following the systematic search, during the 

peer-review revision process (January–March 2025), the authors sought expert recommendations 

from six researchers who specialize in MFHWL governance. This supplementary process identified 

four additional 2024 publications that satisfied all inclusion criteria and were incorporated into the 

final corpus. All papers included in this review were published no later than December 2024. 

2.2. Eligibility Criteria and Study Selection 

The studies were evaluated using a two-phase process: Phase I screened the titles and abstracts, 

and Phase II reviewed the full text. The inclusion criteria were (i) empirical or theoretical analysis of 

discharge-stage changes in regulated rivers, (ii) quantitative or qualitative assessment of reservoir 

impacts on downstream flood dynamics or geomorphology, (iii) examination of governance or 
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operational challenges in multi-reservoir management, and (iv) frameworks for analyzing risks in 

coupled human-water systems. The exclusion criteria were as follows: (i) studies on natural, 

unregulated catchments; (ii) research focused solely on meteorological or coastal flooding unrelated 

to river management; (iii) purely methodological studies without case applications; and (iv) 

conference proceedings, books, or non-peer-reviewed works. The Covidence Software was used for 

the selection process by two independent reviewers to reduce bias. Discrepancies were resolved by 

discussion or by a third reviewer. The process is summarized in the PRISMA flowchart (Figure 1). 

Following PRISMA 2020, we did not search for research registries because of the lack of centralized 

registration platforms in environmental science and water resource management. Instead, we 

comprehensively searched major interdisciplinary databases for peer-reviewed literature. 

 

Figure 1. The PRISMA flow diagram illustrates the phases of identification, screening, exclusion, and inclusion 

in this systematic review. 

2.3. Data Extraction and Synthesis 

Data from the eligible studies were systematically extracted using a standardized coding form 

in Microsoft Excel. The extracted elements comprised (1) bibliographic details, (2) study region and 

scale, (3) primary methodology (e.g., numerical modeling, field measurements, policy analysis), (4) 

key hydrogeomorphic findings, such as channel incision rates and sediment load changes; (5) aspects 

of asymmetrical management, including conflicting objectives and governance structures; and (6) 

proposed conceptual or numerical risk models. Given the interdisciplinary nature of the evidence, 

narrative synthesis was employed instead of meta-analysis (Maden & Kotas 2016). The synthesis 
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adhered to the study objectives: initially, categorizing physical drivers to discern patterns and their 

contributions to the MFHWL phenomenon; subsequently, classifying asymmetrical management 

factors into thematic domains (institutional, economic, operational) according to water governance 

frameworks (Pahl-Wostl, 2019); and ultimately, these components are integrated into a novel 

conceptual model that illustrates feedback loops between physical and human urban subsystems. 

2.4. Quality Assessment 

The methodological quality of the included studies was assessed using a modified version of the 

Mixed Methods Appraisal Tool (MMAT) (Hong et al., 2018), which evaluates five criteria based on 

study design (qualitative, quantitative, or mixed methods). The ratings ranged from ★ (medium 

quality, with two or fewer criteria met) to ★★★★ (high quality, with all criteria satisfied). Two 

reviewers independently conducted the assessments and resolved any discrepancies through 

discussions. The studies were evaluated based on the clarity of the research question, appropriateness 

of the methodology, transparency of the data, and justification of conclusions. 

A quality assessment was conducted to interpret the findings and evaluate the robustness of the 

evidence, rather than to exclude studies, in accordance with best practices for complex systematic 

reviews (Maden & Kotas, 2018). The quality of studies influenced the synthesis in the following ways: 

1) high-quality studies (★★★★) served as the foundation for core conclusions regarding hydro-

geomorphic drivers; 2) medium-quality studies (★★–★★★) were included but interpreted with 

caution, particularly when methodologies or sampling were limited; and 3) themes predominantly 

supported by medium-quality evidence, such as governance fragmentation, require further 

validation. 

3. Results 

A systematic search and screening process identified 97 studies that satisfied the eligibility 

criteria for this review. A PRISMA flow diagram illustrating this process is shown in (Figure 1). The 

subsequent sections provide a narrative synthesis of the findings organized according to the primary 

aims of the review. 

3.1. Synthesizing the Hydro-Geomorphic Drivers of MFHWL 

The phenomenon of MFHWL in marine environments is primarily driven by physical processes, 

with alterations in sediment regimes being a critical factor in the Middle Yangtze and other regulated 

systems. Following impoundment, the Middle Yangtze experienced a reduction of over 70% in 

suspended sediments downstream of the Three Gorges Dam and its associated reservoirs (Huang et 

al., 2019; Lai et al., 2017; Li et al., 2009). This depletion of sediment has led to extensive channel 

incision, resulting in the lowering of bed levels by more than 10 m in certain areas (Li et al., 2009; Hu 

et al., 2022). 

This geomorphic alteration affects the stage-discharge relationship. Incised sediment-deficient 

channels reduce water levels during low- and medium-flow periods by enhancing water conveyance. 

This phenomenon is frequently misinterpreted as a reduced flood risk (Wang et al., 2017). In the 

context of medium floods, larger channels result in increased water gradients and flow velocities, 

rendering previously manageable discharges more hazardous (Lai et al., 2021; Li et al., 2022). Levee 

systems exacerbate this issue by obstructing floodplain storage and concentrating flood energy 

within main channels (Di Baldassarre et al., 2018; Ferdous et al., 2020). Table 1 provides a summary 

of the principal hydrogeomorphic drivers and evidence quality ratings. 
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Table 1. Synthesized Hydro-Geomorphic Drivers of the MFHWL Phenomenon. 

Basin 

(Country/Region) 

Documented MFHWL 

Preconditions 

Key 

Supporting 

References 

(From 

Review) 

Strength of 

Evidence and 

Notes 

1. Middle Yangtze 

(China) 

Sediment starvation (>70% 

reduction), sustained channel 

incision (>10 m), altered stage-

discharge relationship 

(marked leftward shift), 

asymmetrical management 

(uncoordinated cascade 

operations). 

Lai et al. 

(2017); Li et 

al. (2009); 

Yang et al. 

(2022); Ge et 

al. (2023); 

Liu et al. 

(2024) 

Very High. All 

preconditions and 

the integrated 

MFHWL outcome 

are extensively 

documented 

through long-term 

monitoring, 

modeling, and 

operational 

analysis. Serves as 

the paradigmatic 

case. 

2. Mekong River 

(South East 

Asia) 

Major sediment starvation 

from upstream dams, 

emerging channel incision, 

highly fragmented 

transboundary governance 

with conflicting operational 

priorities. 

Kondolf et 

al. (2014); Lu 

et al. (2021); 

Yun et al. 

(2020) 

Moderate-High. 

Sediment and 

governance 

dynamics are well-

studied. Direct 

evidence of 

significant stage-

discharge shifts is 

still emerging; 

however, the 

preconditions for 

systemic risk are 

strongly 

established. 

3. Lower Missouri 

River (USA) 

Historical channel incision 

and simplification from bank 

stabilization, loss of 

floodplain connectivity due to 

levees, creating an 

entrenched, hydraulically 

efficient channel. 

Pinter & 

Heine (2005); 

Jacobson & 

Galat (2006) 

High. Physical 

drivers are well-

quantified. 

Management is 

relatively 

coordinated under 

the USACE, but 
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multi-objective 

conflicts (flood 

control, navigation, 

ecology) persist, 

representing a 

moderated form of 

asymmetrical 

management. 

4. Po River (Italy) 

Significant sediment 

starvation (mining and dam 

retention), widespread 

channel incision, engineered 

disconnection from 

floodplain. 

Surian & 

Rinaldi 

(2003); 

Gumiero et 

al. (2013) 

Moderate. Strong 

evidence for 

physical drivers 

(incision, sediment 

deficit). 

Comprehensive 

studies explicitly 

linking these to 

flood stage 

amplification for 

medium events are 

less common. 

Governance 

involves complex 

EU-national-local 

interplay. 

5. Ganges-

Brahmaputra 

(South Asia) 

Major sediment transport, 

with increasing sediment 

trapping by planned/ existing 

dams, highly complex 

transboundary governance 

with numerous competing 

stakeholders. 

Best (2019); 

Khan & 

Rahman, 

2022 

Moderate 

(Emerging). 

Sediment 

starvation is a 

projected, high-

certainty impact of 

ongoing dam 

development. The 

basin exhibits 

extreme 

asymmetry in 

management 

capacity and data 

sharing among co-

riparian states, 

creating high 

potential for future 
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MFHWL-type 

risks. 

6. Paraná River 

(South 

America) 

Sediment retention by large 

reservoirs, channel 

adjustment, and multi-

national management 

challenges. 

(Ollier, 

2012); 

Agostinho et 

al. (2016) 

Moderate. 

Evidence points to 

sediment 

imbalance and 

morphological 

change. 

Quantitative 

analysis of stage-

discharge 

relationship 

changes and 

explicit study of 

operational 

fragmentation in 

the cascade are 

identified as 

research gaps. 

7. Rhine River 

(Europe) 

Historical channel incision 

and simplification, large-scale 

loss of floodplain 

connectivity. Management has 

recently shifted toward 

floodplain restoration to 

mitigate these drivers ("Room 

for the River"). 

Middelkoop 

et al. (2004); 

Disse & 

Engel (2001); 

Rottler et al., 

2023  

High. Physical 

preconditions are 

well-documented. 

This basin is a 

leading example of 

implementing 

balancing 

feedbacks (e.g., 

levee setbacks) to 

actively counteract 

the "Loss of 

Floodplain 

Connectivity" 

driver, thereby 

reducing stages for 

a given discharge. 

8. Colorado River 

(USA) 

Complete sediment retention 

by major dams, regulated 

flow regime, institutional 

complexity (federal, state, 

tribal, Mexican agreements). 

Melis et al. 

(2015); 

Wheeler et 

al. (2018) 

High. A premier 

example of 

attempting to 

manage both 

physical (sediment) 
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Managed high-flow 

experiments aim to mitigate 

sediment starvation. 

and institutional 

(operational rules) 

drivers. It 

demonstrates 

intentional, though 

partial, creation of 

balancing 

feedbacks against 

key MFHWL 

preconditions. 

9. Murray-Darling 

(Australia) 

Sediment and flow regime 

alteration by dams and 

diversions, extreme multi-

jurisdictional governance 

challenges historically. 

Establishment of a basin-wide 

authority aims to create 

integrated management. 

Connell & 

Grafton 

(2011); Hart 

(2015) 

High (for 

governance). 

Provides a seminal 

case of institutional 

innovation (the Basin 

Plan) designed to 

counteract 

governance 

fragmentation—a 

core component of 

Loop B. Physical 

channel changes are 

documented, but 

their direct link to 

flood stage anomalies 

is less studied. 

3.2. Deconstructing the Dimensions of Asymmetrical Management 

This review identifies three critical aspects of asymmetrical management that exacerbate 

hydrogeomorphic risks, thereby transforming them into systemic MFHWL hazards. 

1. Reservoir cascades are managed by entities with divergent objectives: hydropower companies 

focus on maximizing their heads and maintaining steady releases, whereas flood control agencies 

require pre-release and storage capacity (Wu et al., 2021; Qin et al., 2024; Wang et al., 2024; Zhang et 

al., 2022). This conflict was evident in the Middle Yangtze River, where uncoordinated pre-releases 

during forecasted rainfall combined with natural runoff resulted in hazardous peak discharge 

downstream (Ge et al., 2023; Liu et al., 2024; Chai et al., 2020; Hu et al., 2022). 

2. The governance of transboundary rivers, such as the Mekong and Nile, is characterized by 

fragmentation across national, provincial, and sectoral agencies that lack binding coordination 

mechanisms (Hensengerth et al., 2024; Pahl-Wostl, 2019; Tran et al., 2022; Gebrehiwot et al., 2018; 

Grumbine, 2017; Hirsch, 2006; Lu et al., 2021; Mirumachi, 2015; Tran & Tortajada, 2022; Williams, 

2018). This fragmentation hinders the development of integrated operational rules that adequately 

consider downstream impacts (Garrick et al., 2018; Gilbertson et al., 2014; Rivers-Moore et al., 2016). 

3. The absence of real-time data sharing and integrated modeling results in decision making 

based on incomplete information regarding reservoir status and plans, leading to suboptimal and 
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potentially hazardous releases (Che & Mays, 2020; Rougé et al., 2021; Xu et al., 2015; Ramaswamy & 

Saleh, 2020; Saavedra Valeriano et al., 2010; Xu et al., 2022). 

3.3. An Integrated Conceptual Model of MFHWL Formation 

In synthesizing these findings, this review introduces a conceptual model (Figure 2) that 

characterizes MFHWL as an emergent property of a coupled human–natural system. The model 

delineates two reinforcing feedback loops: Feedback Loop A termed the Geomorphic Trap, initiated 

with reservoir impoundment, resulting in sediment deprivation and channel incision. This process 

modifies the stage-discharge relationship, elevating the stage for medium flood events and increasing 

flood risk, thereby prompting the demand for structural protection. These measures diminish 

floodplain connectivity and exacerbate the stage rise during floods. Feedback Loop B, identified as a 

Management Amplifier, involves asymmetrical management characterized by conflicting priorities 

and fragmented governance. This leads to uncoordinated reservoir releases and concentrated 

medium discharges, which exacerbate the high-stage events. Consequently, this heightens the 

perception of management failure, reinforces institutional silos, and suboptimal operational 

practices. The model's principal insight is the cross-coupling between Loops A and B. Physical 

alterations in Loop A heightened susceptibility to management failures in Loop B, while 

uncoordinated releases from Loop B intensified the physical risks in Loop A. 

 

Figure 2. Presents an integrated conceptual model that illustrates the formation of the MFHWL. 
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3.4. Yangtze River Basin's 'Medium Flood, High Water Level' Paradigm 

The Middle Yangtze River exemplifies the MFHWL phenomenon, in which geomorphic 

adjustments and reservoir operations create systemic risks. Section 3.1 explains the physical 

preconditions (Loop A), while recorded water levels during medium discharge are exacerbated by 

asymmetrical management practices (Loop B). This section examines the basin-specific managerial 

dimensions.  

Following the Three Gorges Dam (TGD) and upstream cascade systems, the Middle Yangtze 

River has shown significant changes in stage-discharge relationships. At the monitoring stations from 

Yichang to Datong, the water levels for medium-range discharge increased compared to the pre-dam 

conditions (Figure 4). This change stems from sediment depletion (70% reduction downstream of the 

TGD) and channel incision exceeding 10 m, which increases hydraulic efficiency during moderate 

floods (Lai et al., 2017; Li et al., 2009). The 2020 basin-wide flood demonstrates this: while the peak 

discharge at Luoshan (56,000 m³/s) was 29% lower than the 1954 peak, the water stage nearly matched 

the historical maximum (Figure 5). This created a geomorphic "trap" (Loop A), allowing management 

interventions to have outsized impacts. Managerial fragmentation worsens physical vulnerability to 

hazards. Recent studies have shown the involvement of Loop B in these processes. 

1. Uncoordinated Releases Creating Artificial Flood Peaks: The priorities of hydropower 

generation (high head) and flood control (pre-release and storage) frequently conflict. During the 

2020 flood, analyses showed that uncoordinated pre-releases from upstream reservoirs coincided 

with natural rainfall-runoff peaks (Ge et al., 2023; Liu et al., 2024). This created a concentrated "pulse" 

of medium-level discharge (40,000–60,000 m³/s) down the incised channels. The hydraulic efficiency 

of the channel translated this discharge into record-breaking water stages at Luoshan and Hankou 

(Chai et al. 2020). This demonstrates the "Management Amplifier," where operations directly 

influence the hydrodynamic input to geomorphically sensitive systems. 

2. Fragmented Governance Hindering Integrated Response: The Yangtze flood management 

system encompasses multiple provincial jurisdictions, including Hubei, Hunan, and Jiangxi, as well 

as sectoral agencies, such as those responsible for water resources, hydropower, and transport. In 

addition, it was overseen by the Yangtze River Water Resources Commission. Research has indicated 

that this fragmentation can result in sub-basin optimization, wherein the reservoir pre-release 

strategy of one province may intensify flood peaks for a downstream province without any binding 

mechanism for real-time basin-wide compromise (Lu et al., 2021; Wang et al., 2022). This institutional 

framework is indicative of the "conflicting priorities and fragmented governance" nodes in Figure 2. 

3. Data and Modeling Gaps Impeding Coordination: Operational analyses of the 2020 and 2016 

flood events underscore the absence of a cohesive, real-time data-sharing platform and a 

comprehensive cascade simulation model encompassing all major reservoirs, which constitutes a 

significant deficiency (Xu et al., 2022; Ramaswamy & Saleh, 2020). Consequently, decisions are 

frequently made with incomplete information regarding the real-time status and planned operations 

of other critical reservoirs, resulting in reactive, rather than proactive, system-optimal release 

patterns. 

The Middle Yangtze case provides evidence for both feedback loops. Loop A is supported by 

geomorphic monitoring, whereas Loop B is shown through operational analyses documenting 

conflicts and information gaps causing uncoordinated releases. Cross-coupling between untimely 

releases (B) and incised channels (A), producing extreme stages, has been demonstrated in events 

such as the 2020 flood (Ge et al., 2023). However, studies using coupled quantitative models to 

simulate the feedback between institutional behavior, operations, and channel evolution over the past 

few decades remain limited. The 2020 event validated the model's premise that management actions 

interact with altered physical systems to generate new risks. Figure 3 shows a map of the Middle 

Yangtze River. 
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Figure 3. Presents a schematic of the Middle Yangtze River, highlighting significant engineering structures: (A) 

the Yangtze River Basin; (B) the section extending from the Three Gorges Dam to the estuary; (C) the Three 

Gorges Dam; and (D) the Yangtze Estuary (adapted from Yang et al., 2023). 

This system encompasses the most extensive integrated flood control infrastructure worldwide. 

Its primary components include the Three Gorges Reservoir (TGR), which possesses a flood-control 

capacity of 22.15 billion cubic meters; 42 flood-retention areas with a total retention capacity of 58.999 

billion cubic meters, categorized as key (Jingjiang Flood Diversion Area), important (13 areas), 

general (14 areas), and reserved (15 areas); 707 floodplain dikes with a retention capacity of 17.43 

billion cubic meters; and 70 large drainage pumping stations with a design drainage capacity of 6,530 

cubic meters per second. These facilities have influenced the high-water-level flow dynamics in the 

middle and lower Yangtze River in China. An analysis of key control stations along the middle 

Yangtze River revealed significant alterations in the stage-discharge relationship. Data post-1998 

indicated a leftward shift in rating curves at Zhicheng, Shashi, Jianli, Luoshan, Hankou, Jiujiang, 

Hukou, and Datong (Figure 4), suggesting elevated water levels for the given discharges in recent 

decades. 
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Figure 4. Illustrates the temporal variations in the maximum stage–discharge relationship at the primary flood 

control stations along the Yangtze River, indicating a progressive increase in water level over time. 

The spatial distribution of the stage-discharge shift (Figure 4) was non-uniform. The most 

pronounced leftward shift was observed at stations downstream of the Three Gorges Dam, 
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specifically at Zhicheng and Shashi, which correspond to regions that experienced significant 

sediment depletion and channel incision (Li et al., 2009; Yang et al., 2022). This shift diminished 

further downstream from Jianli to Luoshan and Hankou and was influenced by channel widening, 

sediment input from the Han River, and interactions with the floodplain. This shift remained 

detectable at Datong station, indicating transformation at the basin scale. The minor shift in Jiujiang 

may be attributed to channel stabilization or the backwater effect of Poyang Lake. This spatial 

variation indicates that, while the MFHWL signal persists throughout, its intensity varies according 

to local geomorphic and anthropogenic factors. Although the peak discharge generally declined, the 

frequency of unusually high-water levels increased. Notably, the seven highest recorded water levels 

at Luoshan Station over the past 70 years occurred within the last 27 years. The 2020 flood exemplifies 

this pattern: Luoshan's peak discharge of 56,000 m³/s was 29% lower than the 78,800 m³/s recorded in 

1954, although the water levels were comparable (Figure 5). 

 

Figure 5. Shows a comparative analysis of the peak discharge and corresponding water levels at the Luoshan 

Station during the 1954 and 2020 flood events. 

3.5. Global Patterns of MFHWL Preconditions 

Although the Middle Yangtze River serves as a prime example of the fully coupled MFHWL 

phenomenon, a comprehensive review reveals that similar hydrogeomorphic and managerial 

conditions are emerging in engineered river basins worldwide. Evidence from 97 studies suggests 

that the drivers of Loops A and B reflect a common pattern of anthropogenic river transformation. 

Table 2 presents the major river basins with documented sediment depletion and channel incision 

downstream of dams, institutional fragmentation in multi-reservoir management, and alterations in 

stage-discharge relationships with flood-stage amplification. The strength of the evidence was 

assessed on the basis of the number of studies, methodology, and consistency. A 'high' rating 

indicates multiple quantitative studies, 'moderate' denotes clear evidence with constraints, and 

emerging ' refers to projected conditions or early indicators. 
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Table 2. Presents the major river basins with documented patterns of MFHWL preconditions. 

Basin 

(Country/Region) 

Documented MFHWL 

Preconditions 

Key 

Supporting 

References 

(From 

Review) 

Strength of 

Evidence and 

Notes 

10. Middle Yangtze 

(China) 

Sediment starvation (>70% 

reduction), sustained channel 

incision (>10 m), altered stage-

discharge relationship 

(marked leftward shift), 

asymmetrical management 

(uncoordinated cascade 

operations). 

Lai et al. 

(2017); Li et 

al. (2009); 

Yang et al. 

(2022); Ge et 

al. (2023); Liu 

et al. (2024) 

Very High. All 

preconditions and 

the integrated 

MFHWL outcome 

are extensively 

documented 

through long-term 

monitoring, 

modeling, and 

operational 

analysis. Serves as 

the paradigmatic 

case. 

11. Mekong River 

(South East 

Asia) 

Major sediment starvation 

from upstream dams, 

emerging channel incision, 

highly fragmented 

transboundary governance 

with conflicting operational 

priorities. 

Kondolf et al. 

(2014); Lu et 

al. (2021); 

Yun et al. 

(2020) 

Moderate-High. 

Sediment and 

governance 

dynamics are well-

studied. Direct 

evidence of 

significant stage-

discharge shifts is 

still emerging; 

however, the 

preconditions for 

systemic risk are 

strongly 

established. 

12. Lower Missouri 

River (USA) 

Historical channel incision and 

simplification from bank 

stabilization, loss of floodplain 

Pinter & 

Heine (2005); 

High. Physical 

drivers are well-

quantified. 
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connectivity due to levees, 

creating an entrenched, 

hydraulically efficient 

channel. 

Jacobson & 

Galat (2006) 

Management is 

relatively 

coordinated under 

the USACE, but 

multi-objective 

conflicts (flood 

control, navigation, 

ecology) persist, 

representing a 

moderated form of 

asymmetrical 

management. 

13. Po River (Italy) 

Significant sediment 

starvation (mining and dam 

retention), widespread 

channel incision, engineered 

disconnection from floodplain. 

Surian & 

Rinaldi 

(2003); 

Gumiero et 

al. (2013) 

Moderate. Strong 

evidence for 

physical drivers 

(incision, sediment 

deficit). 

Comprehensive 

studies explicitly 

linking these to 

flood stage 

amplification for 

medium events are 

less common. 

Governance 

involves complex 

EU-national-local 

interplay. 

14. Ganges-

Brahmaputra 

(South Asia) 

Major sediment transport, 

with increasing sediment 

trapping by planned/ existing 

dams, highly complex 

transboundary governance 

with numerous competing 

stakeholders. 

Best (2019); 

Khan & 

Rahman, 

2022 

Moderate 

(Emerging). 

Sediment 

starvation is a 

projected, high-

certainty impact of 

ongoing dam 

development. The 

basin exhibits 

extreme 

asymmetry in 
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management 

capacity and data 

sharing among co-

riparian states, 

creating high 

potential for future 

MFHWL-type 

risks. 

15. Paraná River 

(South 

America) 

Sediment retention by large 

reservoirs, channel 

adjustment, and multi-

national management 

challenges. 

(Ollier, 

2012); 

Agostinho et 

al. (2016) 

Moderate. 

Evidence points to 

sediment 

imbalance and 

morphological 

change. 

Quantitative 

analysis of stage-

discharge 

relationship 

changes and 

explicit study of 

operational 

fragmentation in 

the cascade are 

identified as 

research gaps. 

16. Rhine River 

(Europe) 

Historical channel incision and 

simplification, large-scale loss 

of floodplain connectivity. 

Management has recently 

shifted toward floodplain 

restoration to mitigate these 

drivers ("Room for the River"). 

Middelkoop 

et al. (2004); 

Disse & 

Engel (2001); 

Rottler et al., 

2023 
 

High. Physical 

preconditions are 

well-documented. 

This basin is a 

leading example of 

implementing 

balancing 

feedbacks (e.g., 

levee setbacks) to 

actively counteract 

the "Loss of 

Floodplain 

Connectivity" 

driver, thereby 
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reducing stages for 

a given discharge. 

17. Colorado River 

(USA) 

Complete sediment retention 

by major dams, regulated flow 

regime, institutional 

complexity (federal, state, 

tribal, Mexican agreements). 

Managed high-flow 

experiments aim to mitigate 

sediment starvation. 

Melis et al. 

(2015); 

Wheeler et 

al. (2018) 

High. A premier 

example of 

attempting to 

manage both 

physical (sediment) 

and institutional 

(operational rules) 

drivers. It 

demonstrates 

intentional, though 

partial, creation of 

balancing 

feedbacks against 

key MFHWL 

preconditions. 

18. Murray-Darling 

(Australia) 

Sediment and flow regime 

alteration by dams and 

diversions, extreme multi-

jurisdictional governance 

challenges historically. 

Establishment of a basin-wide 

authority aims to create 

integrated management. 

Connell & 

Grafton 

(2011); Hart 

(2015) 

High (for 

governance). 

Provides a seminal 

case of institutional 

innovation (the Basin 

Plan) designed to 

counteract 

governance 

fragmentation—a 

core component of 

Loop B. Physical 

channel changes are 

documented, but their 

direct link to flood 

stage anomalies is less 

studied. 
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4. Discussion 

4.1. The Emergent Nature of Systemic Flood Risk 

The synthesized evidence substantiates that the MFHWL phenomenon cannot be understood 

solely from a hydrogeomorphic or managerial perspective. This represents an emergent risk resulting 

from the interplay between the altered channels and inadequate management systems. This 

highlights the shortcomings of traditional flood management approaches, which regard reservoirs as 

isolated control points and depend on historical rating curves (Fusinato et al., 2024; di Baldassarre et 

al., 2014; Hartmann et al., 2014; Slater & Villarini, 2018; Milly et al., 2008; Mondal & Patel, 2018; Slater 

& Villarini, 2017; Hartmann et al., 2019; Mondal & Eaton, 2018). The "safety-drag" effect emerges from 

this interaction, and the system exhibits behaviors imperceptible to its individual components. The 

Middle Yangtze River exemplifies a paradigmatic case because of its dam cascade, sediment 

depletion, and multijurisdictional governance. These conditions are increasingly observed in other 

major regulated basins globally, such as the Mekong (Kondolf et al., 2014; Lu et al., 2021), Ganges-

Brahmaputra (Best, 2019), and Paraná (Agostinho et al., 2015) Basins. Although the complete 

MFHWL phenomenon has not been documented outside of the Yangtze River, these conditions 

suggest a potential systemic risk.  

This conceptual model offers a diagnostic framework for assessing the vulnerabilities of other 

engineered systems. Future studies are crucial for validating the applicability of the model to these 

basins. The model is particularly applicable to large sediment-rich river basins with extensive 

damming and fragmented institutional arrangements. In basins lacking these conditions, the 

MFHWL dynamics may be diminished or replaced by alternative paradigms. The model emphasizes 

reinforcing feedback mechanisms that amplify systemic risk, consistent with evidence of hazard 

escalation, rather than successful mitigation. However, we recognize the potential for balancing 

feedback through human adaptation, including integrated operating rules and enhanced 

coordination. The relative strength of these feedbacks determines whether a basin faces escalating 

risk or improves resilience. Identifying the conditions for activating balanced feedback remains a 

critical research priority. 

4.2. Implications for Flood Risk Management and Governance 

The findings of this study have several important practical implications. First, flood hazard 

mapping and infrastructure design standards must be urgently updated. The assumption of a 

stationary stage-discharge relationship is no longer valid (Milly et al., 2008; Maranzoni et al., 2022; 

Wang et al., 2019; Zin et al., 2018). The design criteria for levees, bridges, and floodwalls must 

incorporate nonstationary hydraulic models that account for channel evolution and reservoir 

operation effects (Feng et al., 2020; Ferdous et al., 2020; Serra-Llobet et al., 2021, 2022). 

Second, reservoir cascade governance requires a shift from isolated controls to adaptive and 

integrated management strategies. This demands institutional innovation beyond technical solutions. 

The key requirements include data-sharing platforms and joint forecasting centers for cascade 

reservoirs (Zhu et al., 2017; Chen et al., 2012; He et al., 2019; Lee & Huynh Nguyen, 2024; Liu et al., 

2011; Liu et al., 2024; Serra-Llobet et al., 2016; Wu et al., 2016). Operating rules must optimize multiple 

system-wide objectives, including sediment management and downstream stage mitigation 

(Calamita et al., 2021; Gonzalez et al., 2021; Lu et al., 2021; Wheeler et al., 2021; Wheeler et al., 2018). 

Transboundary coordination bodies should be established to implement these rules (Grafton et al., 

2013; Schoon, 2013; Thornton et al., 2017). 

4.3. Limitations and Future Research Agenda 

In alignment with the PRISMA 2020 statement, a search of research registers was not performed 

because of the absence of a centralized platform for the registration of study protocols in 

hydrogeomorphic systems and water resource management. Our search focused on peer-reviewed 
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literature from major interdisciplinary databases to identify the primary evidence. This study has 

some limitations. The focus on peer-reviewed literature may have omitted relevant grey literature 

from government sources. The use of qualitative narrative synthesis does not provide quantitative 

estimates of driver strength across basins. Given these gaps, we proposed a transdisciplinary research 

agenda.  

1. Quantitative Modeling of integrated socio-hydrological-geomorphic models to simulate 

feedback mechanisms within our framework, exploring future scenarios and evaluating operational 

policies.  

2. Social Science Integration through political and institutional analyses to identify barriers to 

coordination and enabling conditions for collaborative governance in major river basins.  

3. Remote sensing applications use high-resolution satellite data and artificial intelligence to 

monitor channel evolution and reservoir operations at the basin scale.  

4. In global comparative studies, the MFHWL framework should be systematically applied to 

other engineered basins to discern common patterns and context-specific vulnerabilities.  

Although this review identified consistent patterns, the varying methods used prevented a 

meta-analysis of the quantitative parameters. Future research should prioritize standardized data 

collection across basins to facilitate meta-analyses of the MFHWL risk thresholds. The conceptual 

model in Figure 2 synthesizes evidence into a causal framework for the emergence of MFHWL. While 

Loop A's hydrogeomorphic drivers are well documented for the Middle Yangtze and Loop B's 

managerial dysfunctions are detailed in governance studies, integrated operations require a 

comprehensive empirical study. Validation requires tracing the causal chain from reservoir 

operations, through hydrograph modifications, to geomorphic changes and institutional responses. 

The Middle Yangtze data environment offers an ideal opportunity for validation. 

4.4. Limitations of the Evidence Base 

The findings and models presented in this review are based on literature of varying 

methodological quality, which impacts the robustness of our conclusions. Among the 97 studies 

included, 85% were of high quality (MMAT ★★★–★★★★), including well-controlled observational 

studies, validated models, and long-term monitoring analyses. These studies primarily focused on 

hydrogeomorphic drivers, such as sediment starvation, channel incision, and altered stage–discharge 

relationships. The components of the MFHWL phenomenon are supported by strong evidence. 

Research on the institutional, governance, and operational dimensions of asymmetrical 

management predominantly derives from qualitative case studies and policy analyses, which have 

been assigned medium-quality ratings (MMAT ★★–★★★). Although these studies offer valuable 

insights into the human aspects of systemic risk, their findings are often context specific. The feedback 

mechanisms within Loop B (Management Amplifier) of our model, while plausible, are supported 

by less robust evidence than those in Loop A (Geomorphic Trap). This suggests that the connections 

between fragmented governance and flood-stage outcomes are indicative, rather than definitive.  

The geographical distribution of the evidence is uneven, with the Middle Yangtze Basin 

accounting for most high-resolution quantitative studies. Although this provides valuable insights 

into a paradigmatic case, it restricts the applicability of the MFHWL framework to other engineered 

basins, such as the Mekong, Paraná, and Mississippi basins, where institutional contexts and 

sediment dynamics differ significantly. The general applicability of the proposed feedback loops 

across various systems requires validation through comparative basin-specific studies that integrate 

both physical and governance analyses. 

4.5. Insights from Systems Exhibiting Balancing Feedbacks 

The conceptual model (Figure 2) incorporates reinforcing feedback loops that exacerbate 

systemic MFHWL risks and identifies potential intervention points. Case studies from managed 

basins have demonstrated that policy, operational, and physical interventions can establish balancing 
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feedback to mitigate these loops (Pahl-Wostl, 2019; Serra-Llobet et al., 2022). These strategies 

correspond to the key nodes within the MFHWL framework. 

The Rhine River's response to the catastrophic floods of 1993 and 1995 involved the 

implementation of the "Room for the River" program, which marked a transition from traditional 

flood defense mechanisms to integrated spatial planning (Disse & Engel, 2001; Middelkoop et al., 

2004). This strategy, encompassing levee setbacks, floodplain restoration, and the establishment of 

water-retention areas, addresses the "Loss of Floodplain Connectivity" driver in Loop A. By restoring 

natural floodwater storage, it creates a balancing feedback mechanism that reduces flood stages, 

thereby mitigating the effects of channelized systems. 

The management of the Colorado River serves as a paradigm for interventions that address both 

the institutional and physical determinants of water scarcity in the United States. The 2007 Interim 

Guidelines and Drought Contingency Plans established a comprehensive basin-wide framework for 

the coordinated operation of reservoirs during periods of water shortage, thereby representing a 

structural innovation aimed at reducing operational fragmentation (USBR 2007; Wheeler et al. 2018). 

Additionally, high-flow releases from the Glen Canyon Dam have been executed to restore 

downstream sediments and riparian habitats (Melis, 2011; Mueller et al., 2014), functioning as a 

managerial strategy to counteract sediment depletion and restore biophysical processes. 

The establishment of the Murray-Darling Basin Authority in Australia, as mandated by the 

Water Act 2007, exemplifies a systemic institutional strategy aimed at addressing governance 

fragmentation through the implementation of an integrated Basin Plan (Connell & Grafton, 2011; 

Hart, 2015). By instituting sustainable diversion limits and allocating water for environmental flows 

across various states, this framework seeks to establish a balancing feedback Loop B. It harmonizes 

cross-jurisdictional management priorities with the basin’s long-term health, thereby mitigating the 

institutional factors that contribute to conflicting operational decisions and uncoordinated water 

release. 

These interventions are partial and ongoing, rather than complete reversals of entrenched 

dynamics, and their efficacy remains a subject of debate (Poff, 2017). However, they provided 

evidence that the reinforcing loops in the model are not deterministic. They validated the key 

leverage points for MFHWL mitigation by reconnecting floodplains, managing sediments, 

coordinating operations, and strengthening governance as the foundation for effective management. 

These initiatives demonstrate the need to shift from static sectoral control to dynamic integrated 

governance, which builds resilience in engineered river basins. 

5. Conclusions 

This systematic review identifies the "Medium Flood, High Water Level" (MFHWL) 

phenomenon as a significant and escalating systemic risk in the Anthropocene, underscoring the 

critical shortcomings of conventional siloed river basin management approaches. Our analysis 

reveals that the MFHWL is not merely a hydrological anomaly, but an emergent characteristic of a 

complex, coupled human-water system. It is primarily driven by a feedback loop between a 

geomorphically altered river channel characterized by scour, incision, and disconnection from its 

floodplain due to sediment starvation and a fragmented management paradigm marked by 

asymmetrical operations across reservoir cascades. 

The conceptual model developed in this study provides a crucial framework for diagnosing this 

paradox, illustrating how the interplay between physical processes and managerial decisions sustains 

the trajectory of increasing risk. The perceived safety afforded by upstream reservoirs induces a 

hazardous "safety-drag" effect, wherein uncoordinated releases are intensified through the more 

efficient incised channel, ultimately elevating water levels for medium-level discharges and 

compromising flood control objectives. 

Addressing these challenges requires a fundamental paradigm shift in this field. Progress 

requires a decisive transition from static stationarity-based engineering to dynamic adaptive system 

governance. This transition entails (1) the prompt adoption of non-stationary flood hazard maps and 
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design standards that reflect evolving stage-discharge relationships, (2) the development of 

integrated operating protocols for reservoir cascades that explicitly optimize downstream stage 

mitigation and sediment continuity alongside traditional goals, such as peak flow reduction and 

hydropower generation, and (3) the establishment of robust institutional mechanisms for real-time 

data sharing and transboundary coordination. Failure to address these interconnected feedback loops 

exacerbates this paradox, ensuring that the infrastructure intended to secure water resources becomes 

a principal source of vulnerability. 

A significant limitation of this synthesis is the asymmetry of the evidence between the two 

feedback loops. The Flood Risk Amplifier (Loop A) is directly supported by hydrological time series, 

flood frequency analyses, and documented infrastructure responses across the Rhine, Colorado, and 

Murray-Darling basins. In contrast, the Management Amplifier (Loop B) is primarily inferred from 

governance case studies, expert interviews, and secondary sources; no study in our corpus directly 

quantified a complete 'adaptation → risk perception → further adaptation' feedback cycle. Therefore, 

we present Loop B as a hypothesis-generating framework rather than an empirically confirmed 

mechanism. Future research should prioritize longitudinal, mixed-methods designs capable of 

testing the causal validity and magnitude of the Management Amplifier relative to Loop A. 
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