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ABSTRACT: Fluvial floodplains are water-land transitional zones, playing an important role in hydrological and ecological 
systems. To date, the phosphorus migration and transformation in floodplain sediments remain elusive, which poses a large effect 
on river nutrient levels and primary productivity. This review summarized the sedimentary characteristics of floodplains and 
analyzed the spatial differences and temporal variations in phosphorus distribution. We further analyzed their potential change in 
floodplains under various conditions, determining the sedimentation and mineralization process of phosphorus. Meanwhile, 
phosphorus in the sediment will experience dynamic fluctuation as a source or sink of fluvial floodplains based on varying factors, 
including hydrological conditions, climate variations, biological activity, and pedological characteristics. In particular, the 
productivity and community population in floodplains, like vegetation and fishes, will be primarily associated with the periodic 
changes in phosphorus through food chain. Lastly, this review provided corresponding perspectives on improving the phosphorus 
administration in river floodplains based on existing problems. In total, it is anticipated that it will enhance the understanding of 
phosphorus resources or sink in the fluvial floodplains, contributing to the stability of aquatic ecosystems. 
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1. Introduction 

With the rapid economic development, water pollution caused by human activities (such as agriculture, industry, 
and animal husbandry) has become increasingly significant. Phosphorus (P) is an essential nutrient for living organisms 
[1] and plays a role in regulating primary productivity in aquatic ecosystems [2]. Approximately 2 million tons of P 
enter global water bodies yearly due to agricultural runoff and wastewater discharge [3]. Excessive P can enter the river 
ecosystems through various routes, including industrial discharges, agricultural runoff, and internal loading from 
sediment release, thereby compromising the health of these ecosystems [4]. For instance, the P concentration in the 
Ganges River in India had reached a high level of 0.5–1.1 mg/L due to the agricultural runoff [5], creating a high risk 
of water quality deterioration. Similarly, the Mississippi River Basin in the United States experienced an annual loss of 
approximately 15,000 tons of P due to surface runoff, which is a major contributor to the formation of hypoxic zone in 
the Gulf of Mexico, adversely affecting the local ecological balance [6]. Consequently, effectively monitoring and 
managing river P levels has become a core concern of watershed ecological management. 

Fluvial floodplains are depositional surfaces located next to the active channel, formed by river processes and 
composed of alluvial sediments. While primarily considered a morpho-sedimentary unit shaped by contemporary 
dynamics, older alluvial units at comparable elevation levels may also experience frequent flooding [7]. The formation 
of floodplains results from the interaction of river lateral migration, flooding, and sediment deposition processes [8], 
leading to the sediments primarily consisting of fine silt or sand. These floodplains encompass numerous small 
geomorphic units, including sandbars, natural levees, sand ridges, abandoned channels, and oxbow lakes [9,10]. 
Additionally, many floodplains feature stable or semi-stable water bodies such as ponds, marshes, small lakes, wetlands, 
and various perennially moist depressions [11,12]. As a vital interface between land and water, floodplains facilitate 
the migration of aquatic species, thereby enhancing the cycling and exchange of water, sediments, nutrients, and organic 



Hydroecology and Engineering 2025, 2, 10001 2 of 13 

 

matter [13]. The diversity of floodplain topography and the dynamic hydrological conditions support the habitats for 
aquatic organisms, promote the genetic exchange among species, and enhance the biodiversity [14]. Overall, fluvial 
floodplains are dynamic areas characterized by sediment deposition and erosion [15], playing a role in nutrient cycling 
within aquatic ecosystems. 

Unlike gaseous elements such as carbon, nitrogen, and sulfur, P has a unique environmental cycle that makes it 
highly prone to adsorption and precipitation in sediments. During periods of high external nutrient input, P in the water 
column can be adsorbed or deposited into floodplain sediments [16]. Conversely, when external inputs decrease or are 
in response to external disturbances, P may be released from the sediments back into the overlying water column [17]. 
Unstable P forms in floodplain and riparian buffer sediments can cuase elevated P concentrations in adjacent waters 
[18–20]. For instance, inundation of riparian sediments at Strumpshaw Fen in the UK increased the dissolved P in pore 
water to over 3 mg/L within one month, and surface water concentrations exceeded 0.8 mg/L [21]. Similarly, in the Han 
River, South Korea, the P release rates of sediment could reach up to 90 mg/m² per week in summer, substantially 
influencing P cycling and posing a potential risk for P pollution in the water [22]. Thus, as both a P source and sink of 
riverine, floodplain sediments are important for regulating P concentrations in the overlying waters and maintaining 
biogeochemical P cycling. 

Current research mainly focuses on the spatial and temporal distribution of P elements in floodplain sediments 
[23–25]. However, the migration of P in the floodplain remains elusive, determining whether the floodplain sediments 
act as a “source” or “sink” of P. Herein, we summarized the current research on the P distribution and deposition 
characteristics in the river-floodplain system and explored the affecting factors and the issue of floodplains as a source 
or sink of P. It is anticipated that this will reduce the gap in understanding the role of P in fluvial floodplains. 

2. Phosphorus Characteristics in Fluvial Floodplains 

2.1. Characteristics of Floodplain Sedimentation 

Fluvial floodplains constitute an important part of river systems, exhibiting diverse forms and dynamic interactions 
with river channels. As illustrated in Figure 1, floodplains occur in diverse forms within natural environments. The 
formation of floodplain sediments involves the combined processes of lateral river migration, which creates point bars, 
and vertical overbank deposition, forming natural levees and floodplain depressions. On the one hand, lateral river 
migration results in the deposition of coarse-grained sediments on point bars along the convex bank while eroding the 
concave bank. As point bars accumulate and extend outward, discontinuous depressions may produce due to poor 
drainage conditions. On the other hand, floodwaters overflow and transport suspended fine-grained materials (e.g., silt 
and clay) onto the floodplain surface. As a result, proximal areas near the river channel often develop natural levees, 
while distal zones farther from the channel evolve into floodplain depressions [26–28]. The Cooper Creek floodplain 
in Australia, shaped by flow energy, sediment transport, and flood frequency factors, comprises 44% braided channels, 
39% anastomosing channels, and 17% non-channelized areas [29]. As rivers flow through floodplain areas, decreased 
flow velocities promote sediment deposition on these surfaces. Moreover, due to different levels of erosion across 
upstream, midstream, and downstream floodplains, variations in sediment grain size, floodplain types, and other 
characteristics are observed [30]. Research indicated that in Nepal’s Karnali River, the average grain size of surface 
sediments decreased from 50 mm to 3 mm as they were transported downstream, with sediment layers transitioning 
from braided, jagged, and complex gravel formations to more sinuous and highly mobile sand beds [31–33]. The 
floodplains in the two regions exhibited distinct geomorphological and sedimentary characteristics. Compared with the 
Cooper Creek floodplain, the Karnali River floodplains underscored the significant role of river types and regional 
environmental factors, such as hydrological regimes and climatic conditions, in shaping floodplain sedimentary features. 
In total, the interplay between river-induced erosion and sediment deposition, along with the overbank sedimentation 
during flood events, drives the gradual expansion and morphological evolution of floodplains. This process gives rise 
to distinct floodplain types, such as planar, braided, and anastomosed floodplains, each characterized by unique 
geomorphic features and sedimentary processes [26]. 

Floodplain sedimentation patterns are intricately linked to the flood frequency, flow velocity, sediment supply, and 
river microtopography [29,34]. In addition, the grain size distribution of floodplain sediments varies considerably 
depending on channel morphology, hydrodynamic conditions, flood intensity, and sediment transport dynamics. 
Coarser materials like gravel undergo a preferential deposition process during high-flow periods, while finer sediments 
such as silt dominate under low-flow conditions [35,36]. Previous researches has indicated that floodplain sediments 
are enriched with nutrients and organic matter, supporting the aquatic plant growth and facilitating the water self-
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purification processes [7,37]. Therefore, the variations in floodplain sedimentation contributed not only to the 
morphological changes in channels and banks but also played an important role in maintaining the diversity of river 
ecosystem [38]. For instance, the floodplains in the Mississippi River of North America were mianly controlled by 
periodic flood, providing the habitats for organism reproduction and the survival of numerous waterfowl and fish species 
[39,40]. In total, floodplain sedimentation was influenced by a series of driving factors, including climate, hydrology, 
and human activities, which is beneficial for the floodplains characterized by high nutrient storage and rich biodiversity 
[14,41]. Meanwhile, the habitat heterogeneity in floodplains provided favorable conditions for the survival of aquatic 
organisms. 

 

Figure 1. Several typical floodplain types. (a) Common types of floodplains. (b) Pictures of the floodplain in the Sheshui River, a 
tributary of the Yangtze River. 

2.2. Phosphorus Distribution in Floodplains 

P in floodplain sediments largely originate from external inputs and internal release. External inputs include the 
weathering of rocks and soils, biological activities, precipitation runoff, human activities, and others. P, as one of the 
most common mineral elements in nature, exists in rocks, soils, and minerals and can be released into the floodplain 
sediments through weathering and surface runoff. Additionally, P is released through the death and decomposition of 
organisms in the floodplain, potentially settling into the sediment. Human activities are also significant contributors to 
the P deposition. In the Yangtze River region, agricultural sources account for the largest proportion of emissions 
(68.1%), followed by domestic sources (29.52%) and industrial sources (2.40%). It is estimated that agricultural 
activities discharge tens of thousands of tons of P into rivers annually, significantly increasing the P concentrations in 
sediment [42–44]. Additionally, P in floodplains also comes from endogenous inputs, primarily from two sources: 
upstream sediments transported within the watershed and the release of P stored in floodplain deposits. Together, these 
exogenous and endogenous inputs contribute to the P supply in floodplains. The fate of P in floodplains involves several 
processes, such as accumulation, transformation, and cycling of P in fluvial floodplain. A portion of P in floodplain 
sediments is gradually accumulated through sedimentation, serving as a long-term P storage pool. Some of P may enter 
the food chain through plant uptake, eventually returning to the sediments in the form of biological remains. After 
decomposition, it re-enters the P cycle, or it may form organic P minerals or other precipitates through long-term 
geological processes. Lastly, P will transport along with the flow of the river downstream and settle in other river 
sections or estuaries, or contribute to the P cycle in marine ecosystems [43]. Overall, the P flux in floodplains is diverse 
and complex, influenced by both natural and human factors. Understanding these interwoven characteristics is necessary 
for studying the forms and distribution patterns of P in floodplain environments. 

P in the river and floodplain sediments are typically categorized as either inorganic phosphorus (IP) or organic 
phosphorus (OP). The IP fraction includes exchangeable P, P bound to aluminum and iron oxides and hydroxides, and 
calcium-bound P (Ca-P) [45]. In Iran’s Hamadan River sediments, Ca-P was regarded as a significant contributor to IP, 
constituting between 32.8% and 52.0%. Furthermore, the dominant P fraction shifts downstream from residual P (Res-
P) to Ca-P [46]. Studies in the Tuojiang River in China have shown that Fe-bound P (Fe-P) was the primary form of 
sedimentary P at concentrations ranging from 87.9 to 619.0 mg/kg [23]. The study on the Hamadan River highlighted 
a shift in P forms, particularly Ca-P and Res-P, between the upstream and downstream sections. In contrast, the research 
on the Tuojiang River emphasized total pollution load assessment, with limited consideration of dynamic variations in 
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P forms across river sections. The observed differences in P forms and content between the two basins underscore the 
important role of sedimentary conditions in shaping the distribution and stability of sedimentary P, suggesting that P 
composition in river sediments varies with the sedimentary conditions across different river systems. Additionally, 
based on mobility, P can be classified into mobile and inert fractions. Labile forms of P—primarily loosely adsorbed P 
(Res-P), Fe-P, and OP—are considered potential mobile P and are readily released into pore water and overlying water 
[47]. The above indicates that the speciation of P in floodplain sediments is closely linked to its bioavailability and 
mobility, with each form exhibiting distinct depositional characteristics. Generally, while the forms of P in the main 
river channel and floodplains are similar, differences exist in the content and distribution of sediment P. The research 
by Fink et al. [48] on the Olentangy River floodplain in the U.S. found that oxbow lakes retained the nutrients during 
flood pulses, with an average TP retention of 0.08 g/m² per event, contributing to an annual reduction of 31.0% in TP. 
This highlights that floodplains, unlike the main river channel, often experience water stagnation or limited water 
exchange and easily trigger nutrient enrichment. In conclusion, the semi-enclosed nature of floodplains, including river 
deltas, oxbow lakes, and depressions, fosters the P accumulation and leads to the variability and instability in the spatial 
and temporal distribution of sediment P. 

The spatiotemporal P distribution in floodplains is significantly shaped by human activities, periodic flooding, and 
seasonal variations [49–51]. Kronvang et al. [25] reported that during eight flooding events, the Gjer River floodplain 
in Denmark retained suspended sediments with an efficiency ranging from 17% to 62%, with retention influenced by 
factors such as flood magnitude, duration, and water exchange dynamics. Gonzalez-Sanchis et al. [52] demonstrated 
that the P deposition in the Ebro River floodplain, Spain, showed marked spatial variation through simulations, with 
80% of sediments accumulating within 30% of the area nearest to the flood zone, compared to only 6% in more distant 
regions (1927–2010). These findings underscore the role of seasonal flooding in the spatial distribution and retention 
of P within floodplains. Typically, P deposition is lower in upstream segments with dense vegetation and minimal 
human disturbance, where mobile fractions such as Fe-P and OP are less prevalent. Conversely, downstream segments, 
subject to more pollution, display increased P content and higher concentrations, particularly in areas with intensive 
human activity [49,53]. This pattern illustrates the combined effects of hydrogeological processes, river transport, and 
human impacts on floodplain P distribution. Overall, the spatiotemporal distribution of P in floodplain sediments results 
from multiple factors, including water temperature, water level, dissolved oxygen, periodic flooding, and human 
activities [54], showing pronounced temporal fluctuations and spatial gradients and reflecting the complexity and 
dynamic nature of P distribution in floodplain sediments. 

2.3. Transformations in Phosphorus Forms 

The alteration of P forms within floodplain sediments is closely tied to river water quality and overall ecosystem 
health [54,55]. P forms within floodplain sediments, particularly labile fractions such as Fe-P and OP [56], are prone to 
transformation with shifts in hydrological conditions or when subjected to external disturbances. These transformations 
involve complex processes regulated by environmental and anthropogenic factors, such as biological, physical, and 
chemical mechanisms [54]. Understanding the shifts in sedimentary P fractions and their connection to P fluxes at the 
sediment-water interface is essential for effectively managing the riverine ecosystems. Transformations in the 
sedimentary phosphorus forms of floodplains are driven by a combination of environmental and anthropogenic factors. 
Firstly, environmental factors, like pH, water temperature, and dissolved oxygen (DO), significantly influenced the 
transformation of P species in sediments. The P solubility depends on water pH and redox conditions [57]. For instance, 
Fe-P and Al-P exhibit minimal solubility under neutral pH and adequate oxygen, allowing them to remain stably stored 
in sediments. When the sediment-water interface is aerobic, metals such as Fe and Mn are oxidized to Fe(III) and 
Mn(IV), immobilizing P through bonding with metal hydroxides. Conversely, Fe and Mn dissolve under reducing 
conditions, releasing P in the form of phosphate [58,59]. Secondly, the deposition and release of sedimentary P in 
floodplains are influenced by seasonal variations in temperature, DO, water level, and runoff inputs [54,60]. Lastly, 
external disturbances such as flood scouring, wet-dry cycles, and human activities affect sedimentary P. These 
disturbances alter hydrodynamic conditions, leading to shifts in P speciation. Overall, transformations in floodplain 
sedimentary P forms are shaped by a dynamic interplay of environmental and hydrodynamic factors, reflecting a 
complex and responsive system. 

The dynamic distribution of sediment P in floodplains can be analyzed not only from the perspectives of biological, 
physical, and chemical mechanisms but also in terms of differences in its distribution after varying degrees of 
disturbance. Generally, under conditions of low flow velocity, the rates of P deposition and release in floodplain 
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sediments remain relatively stable. Microbial processes and redox reactions play a large role in the fixation and release 
of sediment-bound P [61]. Once the P is deposited into floodplain sediments, its content might remain dynamic 
stabilization across seasonal changes. However, during periods of significant disturbance, such as rainy seasons or 
floods, frequent deposition and resuspension events lead to the highly dynamic behavior of P in the sediment (Figure 
2). During flood periods, the P in sediment exhibits dynamic shifts via two main mechanisms. Firstly, hydrodynamic 
forces can directly erode the sediment, releasing adsorbed P into the water column and causing a rapid rise in water P 
levels [62]. Secondly, the influx of sediment and organic matter from floodwaters can alter sediment particle structure 
and redox conditions, increasing the P release rate [24]. For instance, Kinsman-Costello et al. [63] reported that 
following a secondary flood in wetlands in Michigan, USA, large amounts of P were released from sediments into the 
water column, with soluble reactive P (SRP) concentrations reaching up to 750 μg P/L in re-flooded zones, and SRP 
peaks in surface water reaching 20 times pre-flood levels. As floodwaters recede, suspended particles settle and form 
new sediment layers, indicating dynamic cycling. In conclusion, P dynamics in floodplains exhibit a “balance-imbalance” 
pattern: they tend toward equilibrium under low-flow conditions but display pronounced fluctuations during high-
disturbance events. 

 

Figure 2. Phosphorus changes in the floodplain at different water levels. 

3. Phosphorus Source or Sink in Fluvial Floodplains 

Generally, floodplain sediments are considered a sink for P, fixing P through processes such as adsorption and 
immobilization, thereby reducing its bioavailability in the water. Under aerobic conditions, a solid layer of Fe and Mn 
oxides or sulfides may form on the sediment surface, effectively binding dissolved P and limiting mobility [64]. 
Microbial interactions with metal ions in sediments may further enhance P retention, particularly under low temperature 
and low disturbance conditions [65]. Jin et al. [66] simulated the adsorption of P by sediments in low-flow areas and 
found that the P concentration in overlying water decreased by about 25% after 35 h. The study indicated that sediments 
promoted the migration of pollutants to the riverbed, effectively reducing P pollution in overlying waters. Kim et al. 
[57] compared sedimentary P in two different tributary regions of the Han River and found that sediments with low 
non-apatite P (NAI-P) content were more likely to fix P, with P release rates of 25–40 mg/m² per week. Research 
comparing river sections with and without floodplain connectivity shows that floodplains typically enhanced the uptake 
and storage of nutrients [67]. Specifically, due to the influence of periodic flooding, the broader and wider areas of 
floodplains facilitate P retention within the floodplain. It means, as the floodwaters recede, becoming integrated into 
the floodplain sediments. These results suggest that sediments can effectively fix P in water, with varying stability 
across different P components. In conclusion, floodplain sediments play an important role in the sedimentary fixation 
of P, acting as a sink for river P. 
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However, floodplain sediments can also act as a P source for overlying water, particularly under hypoxic conditions 
or significant external disturbances. Hypoxic conditions promote the reductive dissolution of surface-associated oxides, 
releasing phosphates into the water column [65,68]. Studies have shown that when the redox potential drops below 300 
mV or oxygen concentration falls below 0.1 mg/L, Fe(OH)3 is reduced to ferrous iron by microorganism, leading to the 
phosphate release into overlying water, with phosphates trapped within the hydrated iron hydroxide coating [69,70]. In 
the upstream floodplain, sediments generally have high porosity and frequent water flow scouring hinders the retention 
and accumulation of P. In contrast, the middle and lower floodplain regions, such as river deltas and depressions, are 
more prone to formation of P accumulation. Sedimentary P is more likely to be released under anoxic conditions with 
a lower flow rate. Additionally, external disturbances during the rainy season and floods also trigger sedimentary P 
release. Research on the Danube River floodplain demonstrated that periodic wet-dry cycles enhanced sedimentary P 
release, particularly when drying periods reduced sediment moisture by 80%, resulting in the highest P release [24]. 
This release is mainly driven by the chemical changes under anoxic conditions in sediments, causing P to diffuse back 
into the water column, raising water P concentrations and increasing the risk of eutrophication. These findings highlight 
that the role of sediments as either a source or a sink of P involves the complex cycling of P through adsorption, release, 
and transformation processes between the water and sediment, influenced by various factors. Overall, floodplain 
sediments can release P under hypoxic and disturbed conditions, acting as a source of P and increasing water P 
concentrations. Meanwhile, the periodic floods resulted in more and more P sedimentation in the floodplains on both 
sides of the main river channel.  

In recent years, more and more studies have focused on the role of P source and sink in the sediment (Table 1). Cai 
et al. [65] examined the seasonal dynamics of sediment P in the floodplains of the Yangtze River. They found that 
sediment P behaves as a sink during the winter when water temperatures are low, but as temperatures rise in summer, 
P becomes more mobile, resulting in an increasing of sediment P flux and pore water P concentrations, turning the 
sediment into a P source. When water temperatures drop below 10 °C, sediments again act as a sink. Jarvie et al. [71] 
studied that the river sediments of two catchment areas in the UK generally acted as a P sink, and the decreases in SRP 
during low-flow periods in spring and summer could lead to the shift of the system, turning sediments into a P source. 
Jin et al. [72] also found that during heavy rainfall, sediment particles became a significant source of TP pollution in 
rivers. Despite their differing emphases, previous studies consistently highlighted the dynamic nature of sediments as 
P sources or sinks, which were mainly driven by external factors, including temperature, hydrological regimes, and 
precipitation. In total, these findings enhance our understanding of intricate relationships between sediments and P 
cycling. Figure 2 illustrates the migration and transformation processes of P fractions in floodplains under low water 
levels (low disturbance) and high water levels (high disturbance). Under low water levels and minimal disruption, 
floodplain sediments predominantly act as a “P sink”, sequestering phosphorus from the water column through 
adsorption and precipitation. Conversely, during flood events characterized by high disturbance, these sediments 
possibly transition to a “P source”, releasing stored P into the overlying water via desorption and resuspension. The 
processes depicted here provide a generalized overview, which might vary depending on the floodplain style (e.g., 
braided, meandering, anabranching), temperature, precipitation, vegetation cover, and other environmental variables. It is not 
relevant to any particular style or category of the floodplain but rather serves as a simplified illustration of the P exchange.  

In conclusion, floodplain serves as a P source through processes such as desorption, reductive dissolution, and 
resuspension. On the one hand, dissolved P forms complexes with iron and aluminum oxides under oxygen-rich 
conditions, while microbial activity and interactions with metal ions further promote P deposition. On the other hand, 
periodic flooding expands the floodplain’s capacity to retain P, as receding waters allow P to integrate into sediments. 
Conversely, floodplains can act as P sources under specific conditions. In anoxic environments, the reductive dissolution 
of iron and aluminum oxides in sediments releases phosphate into the water column. Additionally, sediment erosion 
caused by high water flow during rainy seasons or floods can result in the loss of sediment-bound P, making it more 
likely to be released into overlying water. In total, phosphorus in the sediment will experience dynamic fluctation as a 
source or sink of fluvial floodplains based on varying factors, including hydrological conditions, climate variations, 
biological activity, and pedological characteristics. This dynamic shift between P source and sink states underscores the 
complex role of floodplains in regulating nutrient cycles and maintaining water quality. 
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Table 1. Research on the Forms, Distribution, and Transformation of Phosphorus in Sediments of Floodplains. 

Study Area Content Floodplain Type P Fractions in Sediments 
Results 

References Spatiotemporal 
Distribution 

Migrate 
Conversions 

Influencing Factors 

Swale Floodplain 
(UK) 

The phosphorus content of floodplain 
sediment in rural and industrialized river 
basins 

—— 

TP: 452–695 µg/g 
IP: 383–573 µg/g 
OP: 59–122 µg/g; 

√ —— 
Human activities such as 
agriculture, industry 

[73] 
Aire Floodplain 
(UK) 

TP: 1061–4657 µg/g 
IP: 800–4216 µg/g 
OP: 139–672 µg/g; 

Calder Floodplain 
(UK) 

TP: 796–4708 µg/g 
IP: 701–4344 µg/g 
OP: 95–364 µg/g 

Han River 
(China) 

Phosphorus fractions of floodplain sediments 
and phosphorus exchange on the sediment-
water interface  

—— 
TP: 643.86–985 mg/kg 
Exch-P: 6.94–9.35 mg/kg 
Fe/Al-P, Ca-P, IP, OP 

√ √ 
point source pollution and non-
point source pollution, 
immersion and emersion 

[74] 

Lower Lobau 
Floodplain 
(Austria) 

Impact of drying and re-flooding of sediment 
on phosphorus dynamics of river-floodplain 
systems 

in an abandoned channel 

TP: 543.1–580.8 mg/kg 
IP: 385.6–391.5 mg/kg 
OP: 155.4–196.5 mg/kg 
Ca/Mg-P: 343.7–371.2 mg/kg 
Fe/Mn-P: 50.7–74.7 mg/kg 

—— √ 
drying and re-flooding of 
sediment 

[24] 

River Yare Floodplain 
(UK) 

Phosphorus mobilization and transport 
within a long-restored floodplain wetland 

a wetland floodplain 
TP: 1143–1461 mg/kg 
Fe-P: 121–130 mg/kg 

√ √ 
a long-restored floodplain, 
sediment geochemistry, short-
term hydrological events 

[75] 

Floodplain of  
Difficult Run 
(USA) 

Hydrogeomorphology Influences Soil 
Nitrogen and Phosphorus Mineralization in 
Floodplain Wetlands 

levee, back swamp, and 
toe-slope 

TP: 403–600 mg/kg √ √ hydrogeomorphology [76] 

Amazon floodplain 
(Brazil) 

Nutrients and water-forest interactions in an 
Amazon floodplain lake: an ecological 
approach 

semi-stable water bodies TP: 19–52 mg/kg √ —— water-forest [77] 

Iowa River Floodplain 
(USA) 

Soil total phosphorus deposition and 
variability patterns 

oxbow lakes, semi-stable 
water bodies 

TP: 45.7–164.9 mg/kg √ —— 

Flood characteristics: 
frequency, duration; 
Sediments: structure, particle 
size 

[78] 

Grand River 
(Canada) 

Shifts in soil phosphorus fractions during 
seasonal transitions in a riparian floodplain 
wetland 

a riparian floodplain 
Total bioavailable P:  
865.3–1497 mg/kg 

—— √ 

freeze-thaw cycling, 
microorganisms, seasonal 
changes, metallic elements: Fe, 
Ca, Al 

[79] 

 East-central Sweden 
floodplain 
(Sweden) 

Phosphorus supply and floodplain design 
govern phosphorus reduction capacity in 
remediated agricultural streams. 

—— H2O-P, Fe-P, Al-P, Ca-P √ √ 
Phosphorus supply and 
floodplain design 

[80] 

Note: “——” indicates that this content is not covered in the references, while “√” means that the references involve research in this aspect.
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4. Ecological Effects of Phosphorus in Fluvial Floodplains 

Fluvial Floodplains play a role in nutrient retention within rivers, and the retention of P in the sediments can 
significantly result in a lower P concentration in water, reducing the risk of P pollution [81,82]. However, releasing P 
from sediments leads to surface water pollution, excessive growth of aquatic plants, lower water transparency, and, 
ultimately, the health and stability of aquatic ecosystems. Research indicated that P release from floodplain sediments 
in the River Aire, UK, resulted in significant P pollution (above 0.8 mg/L) in the overlying water [21]. The concentration 
of dissolved P in the River Aire exceeded 0.8 mg/L, significantly higher than the Class V surface water standard (<0.4 
mg/L). In conclusion, the adsorption and desorption processes of P in floodplain sediments are important in regulating 
river water quality, as they determine the mobility and bioavailability of phosphorus within the aquatic environment. 
When external pollution sources are controlled, the release of P from floodplain sediments may serve as a potentially 
internal source of P pollution. 

Floodplains not only play a role in regulating water quality pollution in rivers but also provide vital habitats for 
supporting the primary productivity and biodiversity within river ecosystems [83]. Firstly, floodplain sedimentary P is 
a key nutrient driving primary productivity in rivers. The presence of sedimentary P in floodplains is linked to the 
growth cycle of aquatic plants, which affects the composition and distribution of aquatic macrophyte communities, 
thereby influencing the stability of the entire river ecosystem food web [84]. Kiedrzyńska et al. [85] quantified the P 
retention efficiency of floodplain vegetation. Their study on the Pilica River floodplain revealed that different plant 
communities posed varying influence on P accumulation. For instance, reed communities accumulated the most P in 
spring, with an efficiency of 34.7 kg/ha, while meadow communities exhibited relatively stable P content. The study 
also found that the P accumulation potential of Pilica River floodplain vegetation reached 255 kg per year in summer, 
and thus optimizing the floodplain area proportion can enhance P accumulation in willow patches [85]. Secondly, the 
abundant nutrient supply in floodplains creates diverse habitats for invertebrates, fish, and waterfowl, supporting species 
diversity within river ecosystems [83]. The active floodplain of the Paraná River in Brazil enabled intense active and 
passive exchanges between plant and animal species, like highland birds and some terrestrial mammals migrating to the 
floodplain during low water periods to take advantage of the abundant food resources [86]. Many fish species depend 
on the wetland environment of floodplains for spawning and juvenile development, significantly enhancing their 
reproductive success. Agostinho et al. [87] indicated that annual floods lasting over 75 d in the upper Paraná River 
floodplain benefited the migrating of fish population. Dole et al. [88] identified 112, 157, and 107 species in high, 
medium, and low disturbance areas, meaning that water-level fluctuation in floodplains poses a big effect on the 
community population. In total, fluvial floodplains provide habitats for aquatic and terrestrial flora and fauna, and the 
P in floodplain sediments plays an important role in nutrient cycling and energy flow within river ecosystems. On the 
one hand, there is a mutual feedback effect between the P transformation and the growth, reproduction, and distribution 
of organisms, offering essential nutrient support. The interaction between P in floodplains and organisms helps sustain 
the complexity of the river ecosystem’s food web, interspecies relationships, and the stability of ecological processes. 

5. Future Directions 

Given the ecological and hydrological functions of floodplains in watershed systems, the research on sediment as 
both a P source and sink, as well as its ecological impacts, is rapidly expanding. Fluvial floodplains are not only a 
dispensable component of river watersheds but also play a vital role in maintaining the health of aquatic ecosystems. 
Recent studies have highlighted the significant role of sedimentary P in river environments, especially its dual function 
within the watershed as both a pollutant source and a nutrient supply, influencing aquatic communities and water quality 
changes [65,89]. While much research has explored the deposition and release processes of P in river and floodplain 
sediments, the source-sink dynamics of P in floodplains have become increasingly complex due to climate change, 
watershed development, and land-use changes. However, the challenges of quantifying the source-sink processes 
remain, predicting long-term trends, and understanding the interactions between multiple factors. As mentioned above, 
the P variation and transformation in floodplains is complicated and influenced by a couple of factors. Water level and 
water quality may be predicted through remote sensing-enabled machine learning technology based on the analysis of 
the giant database of river hydrologic information and historical remote sensing data [90,91]. Furthermore, it will be 
feasible to quantify the transformation and source-sink process of P in the floodplain. Meanwhile, intelligent models 
can help analyze the spatiotemporal changes in P distribution with greater precision [92,93]. Through high-frequency 
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monitoring and model predictions, it will be possible to evaluate the effects of various climate conditions on the P 
deposition-release process in real-time and predict potential P migration and transformation patterns in floodplains. 

6. Conclusions 

Fluvial floodplains at the interface between terrestrial and aquatic ecosystems are integral to the biogeochemical 
cycling of P in river systems. Floodplain sedimentation is shaped by the combined effects of lateral river migration and 
vertical deposition, resulting in the diverse geomorphologies and unique sedimentary patterns. Influenced by climate, 
hydrology, and human activities, floodplains often exhibit semi-enclosed settings such as deltas, oxbow lakes, 
depressions, leading to distinct spatiotemporal distributions and dynamic variations in P forms. The temporal 
fluctuations and spatial gradients of P in floodplain sediments align with a “balance-imbalance” model: sediments tend 
to stabilize under low-disturbance conditions but experience significant fluxes during high-disturbance events. 
Specifically, under well-oxygenated or minimally disturbed conditions, floodplain sediments predominantly act as “P 
sinks” sequestering P from the water column through adsorption and precipitation. Conversely, during anoxic conditions 
or under external disturbances such as flooding or wet-dry cycles, these sediments function as “P sources” releasing 
stored P into the overlying water via desorption and resuspension. The dynamic interplay between the “P source” and 
“P sink” states in floodplain sediments was influenced by varying factors, including hydrological conditions, climate 
variations, biological activity, and pedological characteristics, which plays a big role in sustaining the primary 
productivity of aquatic vegetation and preserving the biodiversity of river ecosystems through food chain. However, 
the release of internally stored P from floodplain sediments poses a potential risk of water quality degradation. A 
comprehensive understanding of the mechanisms will be conductive to driving the “P source-sink” behavior of 
floodplain sediments and promoting the ecological health and long-term stability of riverine environments. 

Acknowledgments 

The authors are grateful to Guowei Liu, Tingting Hu, who provided the references support. 

Author Contributions 

Conceptualization, J.L. and X.L.; Methodology, J.L. and Y.Y.; Software, J.L.; Validation, J.L. and Y.Y.; Formal 
Analysis, J.L.; Investigation, J.L.; Resources, J.L.; Data Curation, J.L.; Writing—Original Draft Preparation, J.L.; 
Writing—Review & Editing, X.L.; Visualization, M.L.; Supervision, X.L.; Project Administration, X.L.; Funding 
Acquisition, X.L. 

Ethics Statement 

Not applicable. 

Informed Consent Statement 

Not applicable. 

Data Availability Statement 

All data used in the study are available on public websites, and the links are provided in the data section of the 
manuscripts. 

Funding 

This study was supported by the National Natural Science Fund of China, the Ministry of Water Resources of the 
People’s Republic of China, and the China Three Gorges Corporation (U2240213). 

Declaration of Competing Interest 

The authors declare that they have no known competing financial interests or personal relationships that could have 
appeared to influence the work reported in this paper. 
  



Hydroecology and Engineering 2025, 2, 10001 10 of 13 

 

References 

1. Elser JJ. Phosphorus: A limiting nutrient for humanity? Curr. Opin. Biotech. 2012, 23, 833–838. 
doi:10.1016/j.copbio.2012.03.001. 

2. Bao L, Li X, Cheng P. Phosphorus retention along a typical urban landscape river with a series of rubber dams. J. Environ. 
Manag. 2018, 228, 55–64. doi:10.1016/j.jenvman.2018.09.019. 

3. Bennett EM, Carpenter SR, Caraco NF. Human impact on erodable phosphorus and eutrophication: a global perspective: 
Increasing accumulation of phosphorus in soil threatens rivers, lakes, and coastal oceans with eutrophication. BioScience 2001, 
51, 227–234. doi:10.1641/0006-3568(2001)051[0227:HIOEPA]2.0.CO;2. 

4. Bashir I, Lone FA, Bhat RA, Mir SA, Dar ZA, Dar SA. Concerns and Threats of Contamination on Aquatic Ecosystems. In 
Bioremediation and Biotechnology, 1st ed.; Hakeem K, Bhat R, Qadri H, Eds.; Springer: Cham, Switzerland; Berlin, Germany, 
2020; pp. 1–26. doi:10.1007/978-3-030-35691-0_1. 

5. Srinivas R, Singh AP, Shankar D. Understanding the threats and challenges concerning Ganges River basin for effective policy 
recommendations towards sustainable development. Environ. Dev. Sustain. 2020, 22, 3655–3690. doi:10.1007/s10668-019-
00361-0. 

6. Bianchi TS, DiMarco SF, Cowan JH, Jr., Hetland RD, Chapman P, Day JW, et al. The science of hypoxia in the Northern 
Gulf of Mexico: a review. Sci. Total Environ. 2010, 408, 1471–1484. doi:10.1016/j.scitotenv.2009.11.047. 

7. Latrubesse Edgardo M, Suizu Taina M. The Geomorphology of River Wetlands. In Encyclopedia of Inland Waters, 2nd ed.; 
Tockner, Klement., Eds.; Elsevier: Amsterdam, The Netherlands, 2022; Volume 3, pp. 33–50. 

8. Nanson GC, Croke JC. A genetic classification of floodplains. Geomorphology 1992, 4, 459–486. doi:10.1016/0169-
555X(92)90039-Q. 

9. Opperman JJ, Moyle PB, Larsen EW, Florsheim JL, Manfree AD. Floodplains: Processes and Management for Ecosystem 
Services, 1st ed.; University of California Press: Oakland, UK, 2017. Available online: 
https://www.jstor.org/stable/10.1525/j.ctv1xxt6n (accessed on 25 October 2024). 

10. Barrocu G, Eslamian S. Geomorphology and Flooding. In Flood Handbook, 1st ed.; Eslamian S, Eslamian FA, Eds.; CRC 
Press: Boca Raton, FL, USA, 2022; pp. 23–54. 

11. Ward JV, Tockner K, Schiemer F. Biodiversity of floodplain river ecosystems: ecotones and connectivity1. River Res. Appl. 
1999, 15, 125–139. doi:10.1002/(SICI)1099-1646(199901/06)15:1/3<125::AID-RRR523>3.0.CO;2-E. 

12. Maltby E, Ormerod S, Acreman M, Blackwell M, Durance I, Everard M, et al. Freshwaters: openwaters, wetlands, and 
floodplains. In UK National Ecosystem Assessment: Understanding Nature’S Value to Society, 1st ed.; Davies L, Watson R, 
Albon S, Aspinall R, Austen M, Bardgett B, et al., Eds.; Technical Report: Cambridge, UK, 2011; pp. 295–360. 

13. Karim F, Henderson AK, Wallace J, Arthington AH, Pearson RG. Modelling wetland connectivity during overbank flooding 
in a tropical floodplain in north Queensland, Australia. Hydrol. Processes 2012, 26, 2710–2723. doi:10.1002/hyp.8364. 

14. Mitsch WJ, Gosselink JG. Wetlands, 5th ed.; John Wiley & sons: Hoboken, NJ, USA, 2015. 
15. Wohl E. An integrative conceptualization of floodplain storage. Rev. Geophys. 2021, 59, e2020RG000724. 

doi:10.1029/2020RG000724. 
16. Paytan A, McLaughlin K. The oceanic phosphorus cycle. Chem. Rev. 2007, 107, 563–576. doi: 10.1021/cr0503613. 
17. Paytan A, Roberts K, Watson S, Peek S, Chuang PC, Defforey D, et al. Internal loading of phosphate in lake erie central basin. 

Sci. Total Environ. 2017, 579, 1356–1365. doi:10.1016/j.scitotenv.2016.11.133. 
18. Bauke SL, Wang Y, Saia SM, Popp C, Tamburini F, Paetzold S, et al. Phosphate oxygen isotope ratios in vegetated riparian 

buffer strip soils. Vadose Zone J. 2022, 21, e20193. doi:10.1002/vzj2.20193. 
19. Weihrauch C, Weber CJ. Phosphorus enrichment in floodplain subsoils as a potential source of freshwater eutrophication. Sci. 

Total Environ. 2020, 747, 141213. doi:10.1016/j.scitotenv.2020.141213. 
20. Weihrauch C, Weber CJ. The enrichment of phosphorus in floodplain subsoils–A case study from the Antrift catchment (Hesse, 

Germany). Geoderma 2021, 385, 114853. doi:10.1016/j.geoderma.2020.114853. 
21. Surridge BWJ, Heathwaite AL, Baird AJ. The release of phosphorus to porewater and surface water from river riparian 

sediments. J. Environ. Qual. 2007, 36, 1534–1544. doi:10.2134/jeq2006.0490. 
22. Kim LH, Choi E, Gil KI, Stenstrom MK. Phosphorus release rates from sediments and pollutant characteristics in Han River, 

Seoul, Korea. Sci. Total Environ. 2004, 321, 115–125. doi:10.1016/j.scitotenv.2003.08.018. 
23. Liu D, Li X, Zhang Y, Lu Z, Bai L, Qiao Q, Liu J. Spatial–temporal distribution of phosphorus fractions and their relationship 

in water–sediment phases in the Tuojiang river, China. Water 2021, 14, 27. doi:10.3390/w14010027. 
24. Schonbrunner IM, Preiner S, Hein T. Impact of drying and re-flooding of sediment on phosphorus dynamics of river-floodplain 

systems. Sci. Total Environ. 2012, 432, 329–337. doi:10.1016/j.scitotenv.2012.06.025. 
25. Kronvang B, Andersen IK, Hoffmann CC, Pedersen ML, Ovesen NB, Andersen HE. Water exchange and deposition of 

sediment and phosphorus during inundation of natural and restored lowland floodplains. Water Air Soil Pollut. 2007, 181, 
115–121. doi:10.1007/s11270-006-9283-y. 



Hydroecology and Engineering 2025, 2, 10001 11 of 13 

 

26. Dunne T, Aalto R. Large River Floodplains. In Treatise on Geomorphology, 1st ed.; Shroder J, Wohl E, Eds.; Academic Press: 
San Diego, CA, USA, 2013; Volume 9, pp. 645–678. doi:10.1016/B978-0-12-374739-6.00258-X. 

27. Lewin J. Floodplain geomorphology. Prog. Phys. Geog. 1978, 2, 408–437. doi:10.1177/030913337800200302. 
28. Syvitski JPM, Overeem I, Brakenridge GR Hannon M. Floods, floodplains, delta plains—A satellite imaging approach. 

Sediment. Geol. 2012, 267, 1–14. doi:10.1016/j.sedgeo.2012.05.014. 
29. Fagan SD, Nanson GC. The morphology and formation of floodplain-surface channels, Cooper Creek, Australia. 

Geomorphology 2004, 60, 107–126. doi:10.1016/j.geomorph.2003.07.009. 
30. Li W, Qian H, Xu P, Hou K, Zhang Q, Qu W, et al. Aeolian-fluvial interactions in the Yellow River Basin, China: Insights 

from sedimentary characteristics and provenance of the sedimentary sequences. J. Hydrol. 2023, 624, 129903. 
doi:10.1016/j.jhydrol.2023.129903. 

31. Quick L, Sinclair HD, Attal M, Singh V. Conglomerate recycling in the Himalayan foreland basin: Implications for grain size 
and provenance. Bulletin 2020, 132, 1639–1656. doi:10.1130/B35334.1. 

32. Dingle EH, Sinclair HD, Venditti JG, Attal M, Kinnaird TC, Creed M, et al. Sediment dynamics across gravel-sand transitions: 
Implications for river stability and floodplain recycling. Geology 2020, 48, 468–472. doi:10.1130/G46909.1. 

33. Bridge JS. Rivers and Floodplains: Forms, Processes, and Sedimentary Record, 1st ed.; Blackwell Pub: Malden, UK, 2003. 
34. Larkin ZT, Tooth S, Ralph TJ, Duller GAT, McCarthy T, Zebert AK, et al. Timescales, mechanisms, and controls of incisional 

avulsions in floodplain wetlands: Insights from the Tshwane River, semiarid South Africa. Geomorphology 2017, 283, 158–
172. doi:10.1016/j.geomorph.2017.01.021. 

35. Chen Z, Li J, Shen H, Wang Z. Yangtze River of China: historical analysis of discharge variability and sediment flux. 
Geomorphology 2001, 41, 77–91. doi:10.1016/S0169-555X(01)00106-4. 

36. Li H, Hou Y, Yang Y, Shang X, Yu Z, Shen J, et al. The characteristics of modern flood deposits in the lower reaches of a 
small watershed and the significance of paleo-flood identification. Quat. Int. 2024, 708, 17–25. 
doi:10.1016/j.quaint.2024.07.018. 

37. Thoms MC. Floodplain–river ecosystems: Lateral connections and the implications of human interference. Geomorphology 
2003, 56, 335–349. doi:10.1016/S0169-555X(03)00160-0. 

38. Tockner K, Malard F, Uehlinger U, Ward JV. Nutrients and organic matter in a glacial river—Floodplain system (Val Roseg, 
Switzerland). Limnol. Oceanogr. 2002, 47, 266–277. doi:10.4319/lo.2002.47.1.0266. 

39. Sparks RE, Nelson JC, Yin Y. Naturalization of the flood regime in regulated rivers: the case of the upper Mississippi River. 
BioScience 1998, 48, 706–720. doi:10.2307/1313334. 

40. Tockner K, Stanford JA. Riverine flood plains: Present state and future trends. Environ. Conserv. 2002, 29, 308–330. 
doi:10.1017/S037689290200022X. 

41. Brierley G, Fryirs K, Outhet D, Massey C. Application of the River Styles framework as a basis for river management in New 
South Wales, Australia. Appl. Geogr. 2002, 22, 91–122. doi:10.1016/S0143-6228(01)00016-9. 

42. Bai G, Xu D, Zou Y, Liu Y, Liu Z, Luo F, et al. Impact of submerged vegetation, water flow field and season changes on 
sediment phosphorus distribution in a typical subtropical shallow urban lake: Water nutrients state determines its retention 
and release mechanism. J. Environ. Chem. Eng. 2022, 10, 107982. doi:10.1016/j.jece.2022.107982. 

43. Gordon BA, Dorothy O, Lenhart CF. Nutrient retention in ecologically functional floodplains: A review. Water 2020, 12, 
2762. doi:10.3390/w12102762. 

44. Liu D, Bai L, Li X, Zhang Y, Qiao Q, Lu Z, et al. Spatial characteristics and driving forces of anthropogenic phosphorus 
emissions in the Yangtze River Economic Belt, China. Resour. Conserv. Recy. 2022, 176, 105937. 
doi:10.1016/j.resconrec.2021.105937. 

45. Wang C, Zhang Y, Li H, Morrison RJ. Sequential extraction procedures for the determination of phosphorus forms in sediment. 
Limnology 2013, 14, 147–157. doi:10.1007/s10201-012-0397-1. 

46. Jalali M. Phosphorus fractionation in river sediments, Hamadan, western Iran. Soil Sediment Contam. 2010, 19, 560–572. 
doi:10.1080/15320383.2010.499927. 

47. Hupfer M, Jordan S, Herzog C, Ebeling C, Ladwig R, Rothe M, et al. Chironomid larvae enhance phosphorus burial in lake 
sediments: Insights from long-term and short-term experiments. Sci. Total Environ. 2019, 663, 254–264. 
doi:10.1016/j.scitotenv.2019.01.274. 

48. Fink DF, Mitsch WJ. Hydrology and nutrient biogeochemistry in a created river diversion oxbow wetland. Ecol. Eng. 2007, 
30, 93–102. doi:10.1016/j.ecoleng.2006.08.008. 

49. Houser JN, Richardson WB. Nitrogen and phosphorus in the Upper Mississippi River: Transport, processing, and effects on 
the river ecosystem. Hydrobiologia 2010, 640, 71–88. doi:10.1007/s10750-009-0067-4. 

50. Withers PJA, Jarvie HP. Delivery and cycling of phosphorus in rivers: a review. Sci. Total Environ. 2008, 400, 379–395. 
doi:10.1016/j.scitotenv.2008.08.002. 

51. Filippelli GM. Controls on phosphorus concentration and accumulation in oceanic sediments. Mar. Geol. 1997, 139, 231–240. 
doi:10.1016/S0025-3227(96)00113-2. 



Hydroecology and Engineering 2025, 2, 10001 12 of 13 

 

52. Sanchis MG, Murillo J, Cabezas A, Vermaat J, Comín F, Navarro PG. Modelling sediment deposition and phosphorus 
retention in a river floodplain. Hydrol. Processes. 2015, 29, 384–394. doi:10.1002/hyp.10152. 

53. Xu J, Mo Y, Tang H, Wang K, Ji Q, Zhang P, et al. Distribution, transfer process and influence factors of phosphorus at 
sediment-water interface in the Huaihe River. J. Hydrol. 2022, 612, 128079. doi:10.1016/j.jhydrol.2022.128079. 

54. Yin H, Yin P, Yang Z. Seasonal sediment phosphorus release across sediment-water interface and its potential role in 
supporting algal blooms in a large shallow eutrophic Lake (Lake Taihu, China). Sci. Total Environ. 2023, 896, 165252. 
doi:10.1016/j.scitotenv.2023.165252. 

55. Wang YT, Zhang TQ, Zhao YC, Ciborowski JJH, Zhao YM, et al. Characterization of sedimentary phosphorus in Lake Erie 
and on-site quantification of internal phosphorus loading. Water Res. 2021, 188, 116525. doi:10.1016/j.watres.2020.116525. 

56. Psenner R. Fractionation of phosphorus in suspended matter and sediment. Arch Hydrobiol. Beih. 1988, 30, 98–110. 
57. Kim LH, Choi E, Stenstrom MK. Sediment characteristics, phosphorus types and phosphorus release rates between river and 

lake sediments. Chemosphere 2003, 50, 53–61. doi:10.1016/S0045-6535(02)00310-7. 
58. Markovic S, Liang A, Watson SB, Guo J, Mugalingam S, Arhonditsis G, et al. Biogeochemical mechanisms controlling 

phosphorus diagenesis and internal loading in a remediated hard water eutrophic embayment. Chem. Geol. 2019, 514, 122–
137. doi:10.1016/j.chemgeo.2019.03.031. 

59. Hupfer M, Lewandowski J. Oxygen controls the phosphorus release from lake sediments–a long-lasting paradigm in limnology. 
Int. Rev. Hydrobiol. 2008, 93, 415–432. doi:10.1002/iroh.200711054. 

60. Diehl RM, Underwood KL, Triantafillou SP, Ross DS, Drago S, Wemple BC. Multi-scale drivers of spatial patterns in 
floodplain sediment and phosphorus deposition. Earth Surf. Processes Landforms. 2023, 48, 801–816. doi:10.1002/esp.5519. 

61. Reddy KR, Kadlec RH, Flaig E, Gale PM. Phosphorus retention in streams and wetlands: a review. Crit. Rev. Env. Sci. Tec. 
1999, 29, 83–146. doi:10.1080/10643389991259182. 

62. Bai J, Yu Z, Yu L, Wang D, Guan Y, Liu X, et al. In-situ organic phosphorus mineralization in sediments in coastal wetlands 
with different flooding periods in the Yellow River Delta, China. Sci. Total Environ. 2019, 682, 417–425. 
doi:10.1016/j.scitotenv.2019.05.176. 

63. Kinsman-Costello LE, O’Brien J, Hamilton SK. Re-flooding a historically drained wetland leads to rapid sediment phosphorus 
release. Ecosystems 2014, 17, 641–656. doi:10.1007/s10021-014-9748-6. 

64. Zamana LV, Borzenko SV. Elemental sulfur in the brine of Lake Doroninskoe (Eastern Transbaikalia). In Doklady Earth 
Sciences, 1st ed.; MAIK Nauka/Interperiodica: New York, UK, 2011; pp. 775–778. 

65. Cai Y, Wang H, Zhang T, Zhou Y, Dong A, Rui H, et al. Seasonal variation regulate the endogenous phosphorus release in 
sediments of Shijiuhu Lake via water-level fluctuation. Environ. Res. 2023, 238, 117247. doi:10.1016/j.envres.2023.117247. 

66. Jin G, Chen H, Zhang Z, Jiang Q, Liu Z, Tang H. Transport of phosphorus in the hyporheic zone. Water Resour. Res. 2022, 
58, e2021WR031292. doi:10.1029/2021WR031292. 

67. Wohl E, Springer International Publishing AG. Sustaining River Ecosystems and Water Resources, 1st ed.; Springer: Cham, 
Switzerland; Berlin, Germany, 2018; pp. 105–141. 

68. Rippey B, Campbell J, McElarney Y, Thompson J, Gallagher M. Timescale of reduction of long-term phosphorus release 
from sediment in lakes. Water Res. 2021, 200, 117283. doi:10.1016/j.watres.2021.117283. 

69. Golterman HL. The Chemistry of Phosphate and Nitrogen Compounds in Sediments, 1st ed.; Springer Science & Business 
Media: Berlin, Germany, 2004. 

70. Reddy KR, DeLaune RD, Inglett PW. Biogeochemistry of Wetlands: Science and Application, 2nd ed.; CRC Press; Boca 
Raton, UK, 2022. 

71. Jarvie HP, Jurgens MD, Williams RJ, Neal C, Davies JJL, Barrett C, et al. Role of river bed sediments as sources and sinks of 
phosphorus across two major eutrophic UK river basins: the Hampshire Avon and Herefordshire Wye. J. Hydrol. 2005, 304, 
51–74. doi:10.1016/j.jhydrol.2004.10.002. 

72. Jin G, Xu J, Mo Y, Tang H, Wei T, Wang YG, et al. Response of sediments and phosphorus to catchment characteristics and 
human activities under different rainfall patterns with Bayesian Networks. J. Hydrol. 2020, 584, 124695. 
doi:10.1016/j.jhydrol.2020.124695. 

73. Owens PN, Walling DE. The phosphorus content of fluvial sediment in rural and industrialized river basins. Water Res. 2002, 
36, 685–701. doi:10.1016/S0043-1354(01)00247-0. 

74. Tian JR, Zhou PJ. Phosphorus fractions of floodplain sediments and phosphorus exchange on the sediment-water interface in 
the lower reaches of the Han River in China. Ecol. Eng. 2007, 30, 264–270. doi:10.1016/j.ecoleng.2007.01.006. 

75. Surridge BWJ, Heathwaite AL, Baird AJ. Phosphorus mobilisation and transport within a long-restored floodplain wetland. 
Ecol. Eng. 2012, 44, 348–359. doi:10.1016/j.ecoleng.2012.02.009. 

76. Noe GB, Hupp CR, Rybicki NB. Hydrogeomorphology influences soil nitrogen and phosphorus mineralization in floodplain 
wetlands. Ecosystems 2013, 16, 75–94. doi:10.1007/s10021-012-9597-0. 

77. Aprile F, Darwich AJ. Nutrients and water-forest interactions in an Amazon floodplain lake: An ecological approach. Acta 
Limnol. Bras. 2013, 25, 169–182. doi:10.1590/S2179-975X2013000200008. 



Hydroecology and Engineering 2025, 2, 10001 13 of 13 

 

78. Moustakidis IV, Schilling KE, Weber LJ. Soil total phosphorus deposition and variability patterns across the floodplains of 
an Iowa river. Catena 2019, 174, 84–94. doi:10.1016/j.catena.2018.10.019. 

79. Coppolino J, Munford KE, Macrae M, Glasauer S. Shifts in soil phosphorus fractions during seasonal transitions in a riparian 
floodplain wetland. Front. Environ. Sci. 2022, 10, 983129. doi:10.3389/fenvs.2022.983129. 

80. Hallberg L, Djodjic F, Bieroza M. Phosphorus supply and floodplain design govern phosphorus reduction capacity in 
remediated agricultural streams. Hydrol. Earth Syst. Sci. 2024, 28, 341–355. doi:10.5194/hess-28-341-2024. 

81. Chen Y, Chen J, Xia R, Li W, Zhang Y, Zhang K, et al. Phosphorus–The main limiting factor in riverine ecosystems in China. 
Sci. Total Environ. 2023, 870, 161613. doi:10.1016/j.scitotenv.2023.161613. 

82. Schindler DW, Carpenter SR, Chapra SC, Hecky RE, Orihel DM. Reducing phosphorus to curb lake eutrophication is a success. 
Environ. Sci. Technol. 2016, 50, 8923–8929. doi:10.1021/acs.est.6b02204. 

83. Petsch DK, Cionek VM, Thomaz SM, dos Santos NCL. Ecosystem services provided by river-floodplain ecosystems. 
Hydrobiologia 2023, 850, 2563–2584. doi:10.1007/s10750-022-04916-7. 

84. Ward JV, Tockner K, Arscott DB, Claret C. Riverine landscape diversity. Freshw. Biol. 2002, 47, 517–539. 
doi:10.1046/j.1365-2427.2002.00893.xCitations: 791. 

85. Kiedrzyńska E, Wagner I, Zalewski M. Quantification of phosphorus retention efficiency by floodplain vegetation and a 
management strategy for a eutrophic reservoir restoration. Ecol. Eng. 2008, 33, 15–25. doi:10.1016/j.ecoleng.2007.10.010. 

86. Junk WJ, da Cunha N, Thomaz SM, Agostinho AA, Ferreira FA, de Souza Filho EE, et al. Macrohabitat classification of 
wetlands as a powerful tool for management and protection: The example of the Paraná River floodplain, Brazil. Ecohydrol. 
Hydrobiol. 2021, 21, 411–424. doi:10.1016/j.ecohyd.2021.05.006. 

87. Agostinho AA, Gomes LC, Veríssimo S, Okada EK. Flood regime, dam regulation and fish in the Upper Paraná River: Effects on 
assemblage attributes, reproduction and recruitment. Rev. Fish Biol. Fish. 2004, 14, 11–19. doi:10.1007/s11160-004-3551-y. 

88. Dole MJ. Le domaine aquatique souterrain de la plaine alluviale du Rhône à l’est de Lyon. I. Diversité hydrologique et 
biocénotique de trois stations représentatives de la dynamique fluviale. Vie Milieu 1983, 33, 219–229.  

89. Liu C, Shao S, Shen Q, Fan C, Zhang L, Zhou Q. Effects of riverine suspended particulate matter on the post-dredging increase 
in internal phosphorus loading across the sediment-water interface. Environ. Pollut. 2016, 211, 165–172. 
doi:10.1016/j.envpol.2015.12.045. 

90. Harrison JA, Beusen AHW, Fink G, Tang T, Strokal M, Bouwman AF, et al. Modeling phosphorus in rivers at the global 
scale: Recent successes, remaining challenges, and near-term opportunities. Curr. Opin. Environ. Sustain. 2019, 36, 68–77. 
doi:10.1016/j.cosust.2018.10.010. 

91. Sun Y, Wang D, Li L, Ning R, Yu S, Gao N. Application of remote sensing technology in water quality monitoring: From 
traditional approaches to artificial intelligence. Water Res. 2024, 267, 122546. doi:10.1016/j.watres.2024.122546. 

92. Kim S, Seo Y, Malik A, Kim S, Heddam S, Yaseen ZM, et al. Quantification of river total phosphorus using integrative 
artificial intelligence models. Ecol. Indic. 2023, 153, 110437. doi:10.1016/j.ecolind.2023.110437. 

93. Chebud Y, Naja GM, Rivero RG, Melesse AM. Water quality monitoring using remote sensing and an artificial neural network. 
Water Air Soil Pollut. 2012, 223, 4875–4887. doi:10.1007/s11270-012-1243-0. 

 


