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ABSTRACT

	The main obstacles to soybean cultivation in flooded and waterlogged agroecosystems are prolonged soil saturation, reduced redox potential, and the accumulation of toxic ions that interfere with plant formation and productivity. Under such anaerobic conditions, weed pressure becomes a dominant biotic factor. Waterlogging is the only factor that supports the selection of several flood-tolerant weed species with adaptive traits, such as aerenchyma, adventitious roots, and increased anaerobic metabolism. This literature review covers soybean systems under waterlogged conditions, plant-weed competition under hypoxia, and complex weed dominance. This review also evaluates cultural, mechanical, chemical, and integrated weed management in agro-swamp ecosystems, as well as the reliability of off-target pesticides, which mix with rice and soybean wetlands, and increased selection pressure for resistance. Adapted and integrated management systems are needed for sustainable soybean production in flood-prone areas. Time-based ecological control, more managed systems, and adaptive ecosystem management will result in fewer systems experiencing yield losses due to climate change-induced flooding.
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1. INTRODUCTION

1.1. Background of Soybean Cultivation in Swampy and Waterlogged Agroecosystems
The cultivation of soybeans in swampy, waterlogged agroecosystems is affected by a range of agronomic challenges, including hydromorphic soil types, poor soil drainage, and waterlogged lowland soils (Troyjack et al., 2019). These areas are often characterized by tidal swamp and acid sulphate soil environments, where soil pH < 4 and subsequent pyrite oxidation conditions produce toxic, soluble, and aluminum and iron-laden floodwaters, severely restricting crop establishment and yield (Kinanti et al., 2023; Budianta et al., 2019). Furthermore, prolonged saturation destabilizes redox conditions, disrupting rhizosphere nutrient cycling and anaerobically stressing the rhizosphere, thereby diminishing soybean root respiration, nodulation, and overall plant vigor (Brito et al., 2023).  
In these systems, one of the main production challenges is weed presence, which intensifies the abiotic stress by promoting competition for light, nutrients, and space. Waterlogging shifts the hierarchy of competition among weed species by suppressing flood-sensitive species and allowing the colonization of tolerant ecotypes that can endure hypoxic or even anoxic soil conditions (Scherner et al., 2018). A number of the colonizing swamp-adapted weeds are characterized by rapid shoot elongation, mobilization of carbohydrate reserves, and elevated levels of anaerobic metabolism. These traits facilitate their dominance in resource acquisition under nitrogen-constrained conditions (Paiman et al., 2022). Under swamp conditions, there is also the possibility of an increase in the allelopathic swamp interactions where the phytotoxic exudates from the weeds and the acid and mobilized toxicity of the soil may further depress soybean performance (Kinanti et al., 2023; Paiman et al., 2022). Therefore, the adaptive dynamics and structure of the weed community are particularly important for the development of effective soybean management.

1.2. The Importance of Weed Management under Waterlogged Stress
Waterlogging in soybeans results in severe physiological damage, including chlorosis, root rot, reduced nutrient uptake, and reduced pod formation. All of these factors also negatively affect its ability to compete with aggressive weeds (Brito et al., 2023). Saturated soils negatively impact soybean roots by inducing anaerobic fermentation, which reduces ATP (adenosine triphosphate) production and increases the production of phytotoxic gases that also contain minerals like iron and manganese (Liu et al., 2020). This results in restricted early crop canopy closure, allowing the flood-tolerant weed species to dominate.
Wetland weeds, on the other hand, show specialized adaptive mechanisms that allow them to thrive in adverse conditions like aerenchyma formation, adventitious rooting, and other mechanisms that facilitate rapid stem elongation in hypoxic conditions (Paiman et al., 2022; Fukao et al., 2019). Such weeds can also capitalize on diminished crop vigor to expand, especially during critical growth periods. When weed competition is left unmanaged, yield penalties in waterlogged systems can reach 80% (Aanchal & Menon, 2025).
This means that effective weed management in swampy soybean agroecosystems must consider both the ecological shifts in weed community composition and the enhanced adaptive capacity of flood-tolerant species under anaerobic stress. According to Salomao et al. (2021), integrated methodologies that combine hydrological control, the establishment of competitive crops, and targeted weed suppression are critical for managing yield impacts and maintaining soybean productivity under ongoing waterlogging conditions.

1.3. Objectives and Scope of this Literature Review
This review integrates recent studies on the dynamics and adaptation of weeds in waterlogged soybean cultivation systems, particularly how anaerobic stress alters weed composition and exacerbates crop–weed competition. The review has three objectives: (i) describing the dynamics of the population and the ecological configuration of the communities of weeds in the soybeans environments, (ii) studying the processes and structures of weeds that enable them to survive despite hypoxia, and (iii) assessing the appropriateness of the existing strategies for weed control within the anaerobic agroecosystem (Manghwar et al., 2024). 
According to the descriptions of Parent et al. (2008) and Pan et al. (2021), swampy soils are characterized by prolonged saturation, reduced gas diffusion, and a declining redox potential. The process alters the availability of soil nutrients and fosters the accumulation of soil nutrient toxins, including organic acids, ethanol, and hydrogen sulfide. These environmental changes usually inhibit soybean growth and favor weed species with metabolic plasticity, rapid morphological flexibility, and tolerance to soil conditions and toxicities (Kim et al., 2021; Lian et al., 2023). Of concern, the weeds that adapted to waterlogged environments not only survive under stress but also gain a significant competitive edge by becoming ecologically dominant, thereby allowing crop productive niches to be invaded by flood-persistent weeds (Scherner et al., 2018; Paiman et al., 2022). 
This review will bridge the three soil sciences of soil hydrology, redox-mediated nutrient stress, and adaptive weed ecology to advance the design of systematic frameworks for integrated, resilient weed management that will alleviate biotic constraints and improve soybean productivity in swampy cultivation systems.
Tell us about your family's cultural background and how it has shaped who you are. Talking about my family's cultural background always interests me. I am the youngest of my parents' children. My dad was born in Pakistan and moved to the UAE in 1988 when he was 18. He entered the UAE on a visit visa and was supposed to return to Pakistan, where his UAE visa was to be changed to a work permit. He ended up getting a job in a bank and decided to settle in the UAE. After a few years, he got married and had 3 kids. He then decided to move back to Pakistan as he wanted to stay close to his family. He built a big house in Pakistan and brought his little family to Pakistan. After a few months, he got his wife to return to the UAE to give birth to his little daughter. He then brought his family back to the UAE and started staying in the country. He then moved to Pakistan, to Ajman, and to Dubai. My mom is younger than my dad. She was born in the UAE. My dad has 3 other brothers and 1 sister. 
Dad's family is big. His dad has 2 other brothers who are really close to us and 1 sister. They are all closely related. My dad's parents also lived in Dubai before Pakistan and his parents moved to Pakistan. It is complicated to explain this family line. My dad has 3 other brothers and 1 sister 2 of his brothers are the closest to us. They are all in Dubai now and moved back from Pakistan a few years ago. 
My parents got married in 2001 and had my first sister in 2002. They had 2 other daughters after me. I am the youngest, so I have 3 older sisters.  My first sister was born in 2002, then my 2nd in 2006, and my youngest in 2008. My parents got married and then moved to Pakistan. They moved back to the UAE together after my sister was born. I was born in 2009 in Ajman. After I was born, my parents got divorced, and then my dad moved to Dubai. He married again to an Indian woman, and they have a daughter. It is tough to explain my family's cultural background without going too much into detail. 
My parents have a complicated and confusing background. My mom's background is easier to explain. She is also from a cultural family. She is from the community. She is also from a cultural family. She is from the community. She is also from a cultural family. She is from the community. She is from the community. She is from the community. She comes from a cultural family. She is also from a cultural family.


2. WATERLOGGED SOYBEAN CULTIVATION SYSTEMS IN SWAMPY AGROECOSYSTEM
2.1. Characteristics of Swampy Agroecosystems
Agroecosystems are characterized by prolonged saturation of the soil, causing extreme biogeochemical alterations that hinder crop-weed interactions. Anoxic and hypoxic conditions are created by soil waterlogging, which limit respiration in plant roots by rapidly suppressing aerobic processes (Colmer & Voesenek, 2009; Pan et al., 2021). As redox potential decreases in soil, the first reduction process occurs with the depletion of oxygen, followed by the reduction of Mn and Fe oxides, resulting in the accumulation of soluble and potentially toxic Fe²⁺ and Mn²⁺ (Miró & Ismail, 2013). Additionally, anaerobic processes produce toxic root compounds, such as organic acids and hydrogen sulfide, which further stress root function and are detrimental to sensitive crops such as soybean (Chirkova & Yemelyanov, 2018; Byrne et al., 2021).
Small metabolic challenges for soybean regarding nutrient uptake, canopy development, and overall competitiveness, due to the ability of tolerant species to dominate **flood** weeding, create the ecological consequence of “energy crises” (Greenway & Armstrong, 2018; Mapegau et al., 2023). On the other hand, metabolic flexibility and structural traits that allow the exploitation of these anaerobic regions where soybean growth is limited characterize many wetland weeds that have adapted to poor soils (Manghwar et al., 2024). These poorly drained areas of soil create ecological consequences for the flood-tolerant weeds that dominate growing soybean species.

2.2. Soil, Hydrological, and Climatic Constraints
Interactions of soil texture, hydrological regime, and climate variability determine the severity of waterlogging in swampy soybean systems. Seasonal flooding, poor drainage infrastructure, soil saturation, and flooding-induced soil hypoxia. These conditions create an environment in which root respiration is disrupted, and toxic ions accumulate in the soil (Soltani et al., 2017; Tian et al., 2021). These constraints diminish the efficiency of soybean nodulation and nitrogen fixation, due to a lack of oxygen for nitrogenase activity (Habib et al., 2022; Andjelković, 2018).
In contrast, the swampy agroecosystem's weeds respond rapidly to fluctuations in the water table. This is due to adaptive respiratory mechanisms and morphological traits of tolerant species. As the weeds grow, the hydrological changes in the swamp agroecosystem alter the structure of the weeds by promoting rapid stem elongation, adventitious roots, and anaerobic internal aeration (Iacona et al., 2019). These changes in the swampy hydrology structure have ecological significance, as they reduce the competitive ability of weeds when the aggressive soybean is at its weakest (due to carbohydrate depletion and oxidative stress) (Sachan et al., 2022; Liu, 2024). Therefore, swamp hydrology not only limits but also enhances the weedy nature of waterlogged soybean systems.

2.3. Soybean Adaptation Challenges Under Waterlogged Conditions
Waterlogging during the early vegetative and early reproductive stages causes irreversible yield loss due to impaired root hydraulic conductivity, root chlorosis, and suppression of reproductive development (Alam et al., 2010). Under hypoxic stress, the soybean root must resort to ethanolic fermentation, which in turn, rapidly depletes the soybean root's carbohydrate reserves and produces phytotoxic byproducts such as ethanol and lactate (Yijun et al., 2022). These byproducts negatively affect the soybean's root capacity to photosynthesize and expand its canopy, thereby delaying its ability to compete with weeds (Zhao et al., 2018). 
Adaptive responses in soybean include the formation of adventitious roots and the development of little aerenchyma, which help improve the root's internal transport system under saturation (Jitsuyama, 2017; Ramlal et al., 2023). These traits are still simpler, less developed, and less effective than those of flood-adapted weed species, which causes an imbalance in the ecosystem. Dominant swamp weeds such as Echinochloa spp. have more advanced aerenchyma and rapid shoots with radial oxygen loss, which enhance root activity under anoxia (Ejiri & Shiono, 2019; Arduini et al., 2019). These traits are also present in invasive weeds like Black-grass, which creates an advantage to itself and a disadvantage in crops that lack these.
Consequently, waterlogging not only imposes physiological stress on soybean plants but also alters the weed community. Anaerobic specialists are selected from the community for their ability to utilize less oxygenated soil. This adaptive difference allows flood-tolerant weeds to quickly invade, dominate available resources, and further exacerbate yield losses in soybean cultivation systems in swampy areas (Singh et al., 2019; Manghwar et al., 2024).

3. WEED FLORA AND COMMUNITY DYNAMICS IN WATERLOGGED ENVIRONMENTS
3.1. Common Weed Species in Swampy Soybean Fields
In swampy soybean production systems, particularly those developed in converted paddy fields, weed communities are influenced by prolonged soil saturation and flooding. Waterlogging leads to severe ecological filtering, favoring hydrophytes and amphibious plants that have developed specialized mechanisms to cope with hypoxic and anaerobic environments (Jitsuyama, 2017; Fukao et al., 2019). As a result, these environments are dominated by weed species that are different from those that dominate upland soybean systems, with a greater proportion of species that can persist and thrive under fluctuating water levels. 
Flood-tolerant grasses such as Echinochloa colona and Echinochloa crus-galli are among the most common weeds in these agroecosystems. These species persist in rice-based rotations and invade newly flooded soybean fields (Paiman, Ansar, et al., 2022). In addition, the most common sedges, Cyperus spp. and Fimbristylis spp., possess aerenchyma and can sustain root respiration, thereby remaining active under anaerobic conditions (Fukao et al., 2019; Paiman et al., 2022). Waterlogging promotes the growth of aquatic broadleaf weeds such as Alternanthera philoxeroides, Limnocharis flava, and Sphenoclea zeylanica, which are commonly absent in aerated soils but increase in flooded conditions (Paiman et al., 2022).
These species can shift the competitive balance in swampy soybean systems. Because they can use anaerobic metabolic pathways, they can reduce the competitiveness of terrestrial weeds that are less tolerant of flooding (Paiman et al., 2022). The rapid early-season growth of these grasses, along with some flood-adapted sedge species, will assist in rapidly establishing these weeds and gaining competitive dominance prior to the economic threshold soybean canopy closure, which will reduce light levels. Community composition changes towards facultative weeds that endure in wet, non-submerged soil, demonstrating the swamp weed assemblages’ dynamic successional changes (Abdullah et al., 2021; Chamara et al., 2018).

3.2. Weed Population Shifts Under Flooding and Anaerobic Soils
In waterlogged soybean systems, flood-related factors like depth, duration, and timing are most critical to the dynamics of weed populations. Anaerobic stress, caused by soil saturation, selectively suppresses species without certain tolerance traits and promotes species adapted to such environments (Chamara et al., 2018). Research shows that continuous flooding at around 5 cm can suppress a significant amount of grass weeds; however, flooding at around 15 cm appears necessary to suppress sedge dominance, indicating interspecific variation in tolerance (Brim-DeForest et al., 2016).
Managing soybean systems at specific water levels to suppress weeds is therefore highly context-dependent. While weeds cannot emerge in permanently flooded soil, saturation and field capacity can lead to weed proliferation by providing moisture without total submersion (Abdullah et al., 2021). In systems based on rice, such as the alternate wetting and drying irrigation method, community composition has been shown to shift toward sedges and broadleaf weeds, including herbicide-resistant species. This has been shown to complicate management (Brim-DeForest et al., 2016).
In swampy soybean systems, the effect of spatial heterogeneity on the distribution of weed populations is even more pronounced. Weed infestations are rarely even; instead, they form aggregated patches linked to micro-scale variation in topography, drainage, and local oxygen availability (Paiman et al., 2022). Prolonged flooding of depressions favors obligate hydrophytes such as Cyperus difformis, while elevated areas support moist-tolerant, or facultative, hydrophytes (Chamara et al., 2018). This patterning of hydrological micro-niches fosters a divergence of strategies and increases the functional diversity of the weed seedbank.
The hydrological interconnectivity created by irrigation canals and runoff supports the spread of buoyant propagules and the invasion of the aggressive amphibious weeds Leptochloa chinensis and Marsilea quadrifolia (Délye & Duhoux, 2016; Mollaee & Maity, 2025). Altered precipitation and rising temperatures, as predicted in climate change scenarios, will likely exacerbate these invasion dynamics to increase the resilience of weed complexes adapted to wetlands in soybean systems (Kaur et al., 2017).

3.3. Seasonal and Spatial Weed Distribution Patterns of Weed Distribution
Weed succession and competitive interactions in swampy soybean cultivation are strongly constrained by seasonal water availability. During the seasonal cycles of inundation and drying, phenological turnover is most pronounced, with obligate hydrophytes dominating the system at high water coverage, while facultative weeds proliferate as soil dries (Ameena et al., 2024; King et al., 2024). These cycles emphasize the weed community assembly in swampy agroecosystems as the outcome of a succession of filters acting on the biotic components. As a result, only species exhibiting certain traits would withstand repeated cycles of hydric stress (Xu et al., 2021).
The patterns of seedling emergence vary significantly between species in the case of waterlogging. Weeds of the hygrophyte type, Monochoria vaginalis, Ammannia multiflora, and Cyperus difformis exhibit high emergence levels, demonstrating strong physiological plasticity, even in the presence of water and shade (Xu et al., 2021). On the other hand, the Echinochloa crus-galli species may even be suppressed by flooding at greater depths, demonstrating the influence of water depth on the dominance of particular species within weed communities (Marambe & Wijesundara, 2021).
Microhabitat variation is another factor that influences weed distribution. The breakdown of the microhabitat to study weed distribution is another way to influence weed distribution. Soil composition, irrigation location, and drainage patterns create distinct ecological niches that favor specific functional groups of weeds (León et al., 2016; Saberi & Andreasen, 2022). Community assembly theory posits that such environmental filters work in conjunction with management disturbances—like tillage and mowing—to favor ruderal weeds that can regenerate quickly, often resulting in a decrease in functional diversity and an increase in the dominance of competitive species that are flood tolerant, such as weeds in the successional stages (Guerra et al., 2022; MacLaren et al., 2020).
The functional traits of weeds that play a significant role in their survival during cycles of anoxia and disturbance in swampy soybean systems are seed persistence, the ability to go dormant, and adaptive root systems (Rudi et al., 2022). As establishment practices and flooding constraints decrease, weed communities tend to exhibit traits best adapted to flooding and crop interference; this reinforces the seasonal persistence of species such as Echinochloa crus-galli and Cyperus iria (Portela et al., 2023; Yao et al., 2023).
Integrated management plans depend on understanding the seasonal and spatial dynamics in the waterlogged soybean agroecosystems during periods of peak hydrological stress and agricultural intensification, when adaptive weeds are most prevalent.

4. WEED ADAPTATION MECHANISMS TO WATERLOGGING STRESS
4.1. Adaptive Weed Traits under Waterlogging Stress in Swampy Soybean Systems
Swampy landscapes with soybean fields that have absorbed a lot of water create conditions of chronic hypoxia, intermittent anoxia, and high redox fluctuation, which serve as powerful ecological filters. Persistent and dominant weeds in such conditions can be explained by various trait syndromes that promote internal aeration, strengthen energy metabolism, and support recruitment post-inundation. The competitive advantages over soybean, especially at the critical early establishment phase, include faster seedling emergence, improved functioning of roots, and efficient interception of light by the canopy. These attributes are critical when the crop (soybean) is stunted in growth due to anoxia. (Fukao et al., 2019; Baladrón et al., 2023). Latin binomials are to be italicized; the genus is to be in the first letter capitalized, and the species is to be in lowercase (for instance, Echinochloa crus-galli).

4.2. Morphological Adaptations: Aerenchyma Formation, Hypertrophied Lenticels, and Adventitious Rooting
Flood-tolerant weeds share a common morphological trait: the formation of internal structures that reinstate oxygen transport to the submerged tissues. Numerous species of wetlands are a rarefied type of aerenchyma, gas-filled lacunae that promote oxygen diffusion along the plant, and that also vent the respiration gases and rhizosphere ethylene (Fukao et al, 2019). Structures like a hypertrophied lenticel also help gas exchange at the stem-water interface, and help root respiration and nutrient uptake in the hypoxic environment (Ismail et al., 2012). Flood-tolerant weeds share a common morphological trait: the formation of internal structures that reinstate oxygen transport to the submerged tissues. Numerous species of wetlands are a rarefied type of aerenchyma, gas-filled lacunae that promote oxygen diffusion along the plant, and that also vent the respiration gases and rhizosphere ethylene (Fukao et al, 2019). Structures like a hypertrophied lenticel also help gas exchange at the stem-water interface, and help root respiration and nutrient uptake in the hypoxic environment (Ismail et al., 2012)

4.3. Adaptive to waterlogging are also the adventitious roots which enhance survival and the competitive ability
Weeds can set up new root systems near the oxygen-rich soil-water interface and thereby partially circumvent the deeper layers that are anoxic, while also acquiring water and nutrients and quickly re-establishing themselves after water table oscillations (Baladrón et al., 2023). In numerous flood-adapted species, these roots are associated with mechanisms that restrict radial oxygen loss, thus enabling the plant to internally channel oxygen while reducing the loss into the surrounding soil that is rich in nutrients; this conserves oxygen for root respiration and can indirectly modify the chemistry of the rhizosphere (Baladrón et al., 2023). In soybean stands, such characteristics can shift the competitive balance in favor of weeds by sustaining belowground function at the moments when soybean roots are the most hypoxic, thereby amplifying early-season competition for light and nutrients

4.4. Physiological Adaptations of Weeds to Oxygen-Deprived Soils
Metabolic reprogramming that sustains weed survival during periods when aerobic respiration is not available is often coupled with morphological aeration. When oxygen is scarce, a concerted shift toward glycolytic and fermentative pathways is necessary, and Hyh suggests that it is to maintain an ATP supply (2022). For instance, the coordinated shifts resulting from the upregulation of fermentative enzymes, especially pyruvate decarboxylase and alcohol dehydrogenase, induce and support ethanol fermentation, which, along with maintaining a steady flux of glycolysis, alleviates the cytosolic acidification that is associated with the lactate accumulation. Even though the energy of fermentation is inferior to that of aerobic respiration, the weeds that are more tolerant to the process better assist the process with the more rigid control of carbohydrate utilization, maintenance of cell equilibrium, and quick recovery after reoxygenation (2023). Baladrón et al
The stress of oxidizing reoxygenation after drainage, or water level drawdowns from flooding, means that floods tolerate stress, the ‘antioxidant stress’, with flood stress tolerance. After floods, oxygen superoxide dismutase and the activation of the nasty the upregulation of the reactive oxidant stress (ROS) in the city scavenging systems help to diminish the injuries of the membranes, and assist in the post-flood growth resumption (2021). Wang At the level of irrigation control and of the plants, the control of the transcriptional networks Inter, often with the ERF, WRKY, NAC, MYB, and bZIP families, manage the hypoxical sensing, the shifts of the metabolism, and the adjustments of the architecture of the roots, so that weeds cope with of flooding and growth, the signals simultaneously.
In waterlogged soybean systems, these physiological traits may sustain weed growth during waterlogged phases and increase the competitive rebound during the drainage cycle, such that the weeds may secure resources prior to the full recovery of the soybean.

4.5. Reproductive strategies and propagule survival in flooded soils
The existence of populations in swampy soybean fields is also contingent on recruitment mechanisms that can survive flooding and take advantage of the hydrological movement of water. Numerous wetland and amphibious weeds have submergence- tolerant dormant propagules that possess water-impermeable structures encasing seeds or fruits and buoyancy that aids in dispersal via canals and surface flow networks (Sun et al., 2023; Nakamura & Noguchi, 2020). Such characteristics are very important in soybean fields located in rice-based hydroscapes, in which the movement of flood water transports and redistributes seeds and vegetative fragments that continuously replenish the local weed seed bank and allow for rapid recolonization after control interventions.  
In addition to seeds, vegetative propagation can also strongly reinforce dominance under fluctuating water regimes. Bennett et al. (2020) and Reddy et al. (2020) describe how losses in both quantity and quality of harvests due to flooding can be attributed to the invasive species, even years after their initial introduction. This highlights the invasive species’ ability to reproduce potentially thousands of times and the resulting harm to the flooding tolerance of crop plants. How can this phenomenon be explained? Initial flooding can prime the invasive plants’ stress tolerance mechanisms, allowing them to thrive under stress while simultaneously lowering the tolerance of the crop plants (Baladrón et al., 2023). The flooding stimulates the invasive plants to grow more interstitially. This growth allows them to take up more intertwining spaces, leading to a high degree of colonization and an increase in their shoot density, which in turn reduces the light availability (Jing, 2022). These interstitial mechanisms can be categorized into two distinct strategies. The first, ‘invasive species’ rapid colonization strategy’ (Jing, 2022), is characterized by the invasive species growing rapidly. The second strategy is characterized by the remaining weed species, which grow slowly in comparison to the rapid colonization, but still maintain a high shoot density. This is often referred to as ‘sparse but dense’ (Jing, 2022).

5. CROP–WEED INTERACTIONS UNDER WATERLOGGED STRESS
5.1. Competitive Interactions Between Soybean and Weeds Under Waterlogging Conditions
In swampy, waterlogged cultivation systems, the competitive interactions between weeds and soybeans get profoundly altered because the hypoxic conditions impose unequal physiological burdens on weed and crop communities. Soybean is generally waterlogging-sensitive, and is characterized by reduced stomatal conductance and photosynthetic efficiency, hormonal imbalances, and significant inhibition of biological nitrogen fixation due to hypoxic conditions in root nodules (Andjelković, 2018; Arduini et al., 2019). These physiological impediments diminish soybeans’ ability to capture resources and close canopies, and thus shift competitive advantage to weed species with better flood-adaptive traits (Paiman et al., 2022). 
In contrast, many dominant swamp weeds are able to maintain growth under saturated soils by structural and metabolic adaptations like aerenchyma formation, adventitious rooting, and hypoxic stress-tolerant respiration (Fukao et al., 2019). The increased ability to ameliorate water, soil nutrient, light, and available oxygen stress in contrast to water-stressed soybeans gives weeds the mechanisms to enhance competition, especially during early growth phases when the soybeans are at their least competitive (Islam et al., 2021). Waterlogging conditions also increase the accumulation of phytotoxic compounds and imbalances of reductively mineralized nutrients in the rhizosphere, which can impair the membrane integrity of soybean roots and constrain their ability to take up nutrients, while the more tolerant weeds remain fully active.

5.2. Weed Dominance and Resource Pre-emption in Flooded Soybean Fields
In the case of waterlogged soybeans, the competitive structure is largely moderated by time priority effects. Because there are weed species that emerge before the crop, they may establish root systems, canopy dominance, and leave soybeans to become hypoxically stressed, to then monopolize the more scarce resources. For instance, competitively dominant broadleaf weeds, even Conyza bonariensis, may invoke stomatal closure and an overall drop in carbon assimilation of the soybeans as a result of shading and the light quality, causing more of an indirect reliance on physiological stress due to flooding (Agostinetto et al., 2020). These interactions show how waterlogging can reduce the overall vigor of the soybean plant, and at the same time, reduce the crop’s aggressiveness to competitive interference from destructive, flood-tolerant weeds.
Inundated soybean systems, specifically in rice-based ecosystem where the weed populations are dominated by hydro-cultured amphibian grasses and sedges, are also influenced by the hollow hydrological weed populations (Paiman et al., 2022). Because of this, hypoxic stress combined with weed competition is often able to produce more yield penalties than simply the combined effects of each individual stress. This exemplifies the true extent of crop suppression under swamp conditions (Agostinetto et al., 2020; Tian et al., 2021).

5.3. Impacts on Yield, Productivity, and Economic Performance
Losses in soybean yield under swampy conditions result from low biomass, poor pod/seed formation, and pressure from waterlogging-sensitive reproductive stages coinciding with weeds (Rockenbach et al., 2019; Brito et al., 2023). One-third of the global crops are affected by waterlogging, which lowers the height of the crops, their photosynthetic rate, and leaf area, which, in aggregate, lowers yield by 1/3 (Tian et al., 2021). Added weed competition aggravates the situation, leading to reduced pod and seed weight due to the diversion of carbon from reproductive sinks under these stress conditions.
Weeds have been documented to potentially cause a loss of 33% of soybean yields due to unregulated weed interference, whereas more than 80% yield loss can be seen in dense stands of common ragweed (Ambrosia artemisiifolia) because of severe shading and nutrient depletion (Underwood et al., 2017). Such losses occur more frequently in swampy systems where soybeans cannot recuperate and where hypoxia is present, while weeds sustain high growth rates (Morokhovets et al., 2023). Early season weed competition is the most detrimental because once weed control is delayed past the first critical establishment phase, there can be confirmed loss in the harvest index and there will be long-term decreases in productivity (Mubeen et al., 2021; Soltani et al., 2022).  
Weeds, specifically those that are flood-adapted, take advantage of hypoxic stress and exploit soybeans’ physiological weakness; this is how intertwined weed dominance and economic loss are. It can also be stated that weed competition during waterlogging is the most prominent limitation to soybean productivity in swampy agroecosystems. It is critical to comprehend the aforementioned competitive asymmetries in order to create integrated management solutions that will function in waterlogged soybean landscapes, particularly when considering the combined factors of hydrological stress and the adaptive ability of weeds.

6. WEED MANAGEMENT STRATEGIES IN SWAMPY SOYBEAN SYSTEMS
6.1 Cultural and Agronomic Practices
6.1.1. Land Preparation and Drainage Improvement
Soil moisture facilitates weed community assembly during swampy soybean cultivation, and poor drainage with prolonged soil saturation encourages weed species like sedges and amphibious and hydrophilic flood-tolerant grasses. These species anaerobically stress and outcompete soybeans. Functional drainage in shallow ditches or raised beds increases soil aeration and reduces the ecological advantages of the obligate wetland (Shrestha et al., 2024). Drainage also enhances early vigor and soybean root respiration, thus improving crop competitiveness during the establishment phase. 
Soil Cultural practices that optimize planting density and narrow row spacing contribute to the rate of canopy closure and also the vertical space and light for weeds (Arsenijević et al., 2021; Ethridge et al., 2022). Many swampy regions are hypoxic for soybeans, and the swampy areas are the most beneficial and also the most at risk with weed pressure. Waterlogged conditions greatly reduce the rate at which weeds are able to grow and, in turn, close the canopy. Shea et al., (2020).

6.1.2. Crop Rotation and Weed Seedbank Disruption
Inagroecosystems. Disruption of weed adaptation by diversifying crop sequences is an important strategy. The inclusion of soybeans into rice-based rotations is beneficial in rice systems as it shifts the selection pressures of the soil seedbank due to the upland and flooded rotation phases and can reduce the dominant swamp weed populations of the tropics, like Echinochloa spp. (Scherner et al., 2018; Wickramasinghe et al., 2023). Nevertheless, in the case of simplistically designed rice–soybean rotations, weed species such as Conyza spp. that can thrive and reproduce in both flooded and non-flooded environments can still be supported. Therefore, a greater breadth of diversification is needed (Kharel et al., 2021; Sousa et al., 2021). 
The use of cover crops is one more way to enhance the benefits of rotations by providing physical competition that suppresses weed seed germination and establishment, as well as the release of some allelochemicals that can inhibit weed seed germination and establishment (Beam et al., 2021; Fernando & Shrestha, 2023). The extent of cover crop-induced suppression of juvenile weeds is dependent on the above-ground biomass, planting date, and termination strategy of the cover crop, which makes swampy ecosystems require more carefully planned management (where the decomposition of crop residues is more rapid due to the moisture fluctuations) (Essman et al., 2020).

6.1.3. Mulching and Cover Crops as Functional Weed Filters
Compost residue and rice straw are organic mulches that serve as additional ecological barriers to the recruitment of weeds due to increased soil temperature moderation, the physical restriction of seedling germination, and reduced light (Dittmar et al., 2022; Patil et al., 2020). In soybean fields with standing water, where weed flushes are often triggered by drainage, mulching buffers moisture variability and weed establishment. Unlike terminated mulch residues, green cover crop canopies and living mulches provide better seasonal control due to maintained competitive pressure and reduced weed establishment and spread for the control of herbicide-resistant weeds (Ferreira, 2022). 
Weed control via mulching requires empirical data and high biomass inputs (4-10 t ha-1) to be effective in tropical and subtropical systems (Rodenburg et al., 2021; Amaral et al., 2023). Cover crop mixtures, as opposed to monocultures, may be more effective due to enhanced residue mass production and the diverse array of allelochemicals that more effectively suppress the germination of weeds (Khamare et al., 2022). However, in soil with poor drainage, excess residue build-up can hamper soybean establishment, requiring residue management and termination timing to ensure a proper balance between weed control and crop emergence (Roncatto et al., 2022).

6.1.4. Synthesis: Trait-Based Cultural Control in Waterlogged Systems
As a whole, we could say that agronomic practices, including drainage construction, crop diversification, adjusted planting density, and mulching, serve as ecological filters that diminish the prevalence of flood-adapted weeds and improve the competitive recovery of soybeans under waterlogging stress. Since swamp weeds have strong morphological and/or physiological tolerance traits, practices that reduce anaerobic stress and early weed recruitment are vital for the integration of weed management within waterlogged soybean agroecosystems (Shrestha et al., 2024; Rowland et al., 2023).

6.2 Mechanical and Manual Control
6.2.1. Timing and Effectiveness in Flooded Soybean Soils
In swampy soybean systems, soil saturation hampers mechanical and manual weed management due to the unavailability of machinery, which necessitates the use of more labor-intensive methods. In the case of flooding or extreme saturation, the entry of large machinery results in soil compaction, ruts, or the creation of a restrictive soil layer, or soil pans, which impairs water absorption and limits the growth of soybean roots. Therefore, mechanical practices such as shallow tillage, rotary hoeing, and inter-row cultivation must be carefully coordinated with the soil drainage cycle to manage soil looseness for optimal weed removal, while minimizing the potential for damage to the growing crops (Amaral et al., 2023). 
In such environments, operational efficiency is largely dependent on the selective use of the right equipment. The appropriate implements can disturb weeds while minimizing the distortion of the soil profile. Recent research emphasizes the use of finger weeders, lightweight rotary weeders, and basket harrows, as they tend to improve weed removal while causing less harm to the soybean plants (Klaiss et al., 2020). Nonetheless, their use is often limited to a narrow window of crop developmental stages, and they often necessitate specific inter-row spacing, which can constrain their use in swampy areas with varied properties, inter-row spacing, or topography (Ahmed et al., 2021). 
Even with such challenges, manual weeding persists as a primary weed control technique for localized patches of weeds, especially in areas with poor access for mechanized equipment, or in the case of herbicide-resistant weed populations.
The high precision of hand removal is especially valuable in patchy weed distributions characteristic of waterlogged fields, even though sheer physical difficulty and labor intensity limit its scalability (Shea et al., 2020). Hand weeding combined with inter cultivation, employing this practice during early critical periods—at 20 and 40 days post sowing—has been demonstrated in practice to significantly decrease weed presence and enhance the potential yield of the crop (Chaudhari et al., 2020).  
Especially with the fast regrowth and succession of weeds in swampy systems, integrated strategies that combine chemical or cultural control with mechanical practices are more effective than other combinations (Nagargade et al., 2024). Power-operated rotary weeders with floating spikes are able to provide comparable hand weeding control. They have also been able to achieve 56% time savings during the wedding. For smallholder systems where there are labor shortages, time savings are especially important. These systems also provide physical relief during critical periods when weed removal is necessary (Sathish & Velmurugan, 2024).  
Even so, there are still economic barriers. The expense of hand weeding, especially in regions where there is a scarcity of labor, is often a lot more than herbicide measures, and there are reports of the expenses being several times greater than doing chemical applications (Singh, 2018; Woyessa, 2022).  Even though mechanical weeders have the potential to reduce the labor requirement by more than 50%, their adoption is often limited by the cumbersome operation, price of the equipment, and the requirement for specialized lightweight machinery designed for use in flooded areas (Rathika et al., 2020; Singh et al., 2018).
In summary, flooded soybean systems pose further challenges with manual and mechanical weed control that rely on the effective use of specialized equipment and the integration of multiple strategies. Adaptive equipment in conjunction with complementary strategies is necessary as waterlogging impacts weed emergence and management. Such measures are most effective in the context of broader integrated weed management strategies for the swampy agroecosystems.

6.3 Chemical Weed Control
6.3.1. Herbicide Performance and Environmental Risks Under Waterlogged Conditions
The profit of a swampy soybean system is strongly conditioned by the saturation of the soil and the instability of the hydrology, which in turn modifies the destiny, availability, and absorption of the herbicides by the weeds. Spencer and clients argue that excessive moisture can also dilute the active ingredients and consequently eliminate the possibilities of controlling the weeds by leaching and runoff (2021). Closed (anaerobic) soil can also mean less microbial activity and fewer degradation processes. Because of this, the herbicides may remain in the soil for longer, and even after their effective period, they can still cause damage to the crops by phytotoxicity through the uptake of the herbicides by the roots (Rodenburg et al., 2015). Hence, there is less predictability in swampy areas of changes in the herbicides than in the upland soybean systems.

6.3.2. Altered Persistence, Activation, and Weed Control Reliability
Waterlogged conditions change both the activation and dissipation processes of certain pre-emergent herbicides. Flumioxazin, S-metolachlor, and clomazone need rainfall or irrigation for incorporation, although delayed activation may lead to early weed emergence before the herbicides are effective, resulting in an inadequate control during the critical crop establishment phase (Wadl et al., 2023). On the other hand, hypoxic conditions reduce the activity of the microbes responsible for herbicide decomposition, meaning the half-life of some active ingredients may be prolonged, which may increase the risk of herbicide carryover to subsequent crops (Avila et al., 2021; Verma et al., 2023). Extended persistence may reduce the growth of flood-adapted weeds, but may also increase the risk of injury to soybean roots that are already damaged from hypoxia (Gehrke et al., 2021).
The effects of edaphic soil factors may further modify the availability of herbicides. Whereas texture, soil organic matter, pH, and salinity affect the degree of sorption of herbicides, which in turn determines the bioavailability for weed uptake or the bio-unavailability of clay-rich swamp soils to sorb herbicides (Kerr et al., 2023; Pereira et al., 2023). Soluble herbicides may require less water to activate, but in flooded conditions, they may be more prone to leaching and contamination of downstream water (Priess et al., 2020).

6.3.3. Environmental Contamination and Off-Site Transport
High movement of agrochemicals is possible in wetland agroecosystems. Herbicides intended for specific zones can be moved by water level fluctuations. Water movement can flow out and contaminate surface waters. Non-target species and surface water ecosystems are at risk of contamination. Field studies show that glyphosate is present in high concentrations in surface waters in the days following its application. This indicates that chemical mobility and environmental exposure are increased by flood dynamics (Vignola et al., 2024). Several authors recommend that a water retention period be implemented after chemical application to improve management and reduce off-site losses in lowland agroecosystems (Milan et al., 2016).

6.3.4. Resistance Evolution in Rice–Soybean Wetland Rotations
In soybean cultivation systems, herbicide performance is very limited, especially when herbicides are used consistently under ALS inhibition criteria: one case is rice-soybean rotation. ALS inhibitor herbicides are the most commonly used in this type of rotation, and as a result, selection pressure is very pronounced. Selection pressure is exacerbated by constant herbicide residues. Resistance to control measures develops in Echinochloa spp. and wild rice, systems controlled by herbicides. Persistent herbicide control strategies lead to a collapse in the control capacity of the system (Andrés et al., 2021; Concenço et al., 2022). To reduce the development of herbicide resistance in soybean systems, the herbicides used need to have a combination of modes of action; for example, EPSPS and ACCase inhibitors. The same applies to species that adapt to flooding that need to be controlled (Bonow et al., 2018; Papapanagiotou et al., 2024).

6.3.5. Synthesis: Chemical Control Under Hydrological Constraint
The behavior of herbicides in swampy soybean systems is influenced by the interplay of anaerobic soil conditions, hydrological transport, and the unique characteristics of the soil in the area. The tendency of herbicides to remain in saturated soil for long periods is a double-edged sword. On the positive side, it may lead to greater and longer-lasting suppression of weed growth. On the negative side, it may compromise the safety of the crop, increase the risk of environmental contamination, and contribute to resistance evolution. Thus, the weed problem in waterlogged soybean systems is to a large degree a problem of sustainability, and in the context of swampy ecosystems, it requires integrating and tailoring drainage, a mix of herbicides, and systems of non-chemical weed suppression to the ecological characteristics of the area (Shrestha et al., 2021; Chaudhary & Dhakal, 2023).

6.4 Integrated Weed Management (IWM)
6.4.1. Integrating Multiple Weed Management Tactics for Sustainable Control in Swampy Soybean Systems
Integrated weed management (IWM) involves the combination of cultural, mechanical, chemical, and preventive strategies to weed suppression while also avoiding the development of more harmful adaptive weed strategies and limiting the potential environmental damage (Chaudhary & Dhakal, 2023). The mono use of a single control strategy frequently causes and accelerates the rise of new biotypes that can resist and tolerate flooding and compete for control at the top of the weed hierarchy (Avila et al., 2021; Casimero et al., 2022).
IWM promotes the use of multiple strategies of chemical and non-chemical weed control to reduce the negative ecological impacts of chemical weed control and the mono-resistant strains in the target weed populations. The use of cover crops, crop rotation, and the adjustment of planting geometry have synergistic impacts on the use of herbicides, leading to less selective pressure on populations to develop resistant biotypes and controlling the target weeds, especially in the lowland soybean-rice rotation context with the selective use of ALS-inhibitors on target biotypes of Echinochloa spp. (Rouse et al., 2017; Tidemann et al., 2023).
and weedy rice (Ruzmi et al., 2021). Evidence from the field shows that the almost exclusive use of herbicides in systems like Clearfield® production very quickly erodes the technological advantages of such systems when the stewardship guidelines are not followed strictly. This underscores the importance of moving away from chemical dependence, even if repeated, to more integrated systems with ecological control (Faleco et al., 2022). 
In swampy soybean fields, cultural practices (e.g., narrow row spacing, cover cropping, and diverse crop sequences) function as ecological filters that reduce the recruitment of flood-adapted weeds and enhance the competitive ability of soybean during the critical, waterlogging-sensitive periods (Scherner et al., 2018). These practices are also successful in seasonal weed control, particularly in the prevention of stress-tolerant weed shifts and the weeds that are dominant and highly adaptable. Despite the long-term benefits in the prevention of resistance and the stabilization of yields, the adoption of these practices is limited, as integrated programs are seen as complex, laborious, and economically risky (Svizzero, 2021; Varah et al., 2024). 
In order to overcome these challenges, there is a need for more integrated programs and institutional support that show the economic feasibility of diversified control during periods of fluctuating water levels.
Outreach activities with government agencies, some universities, and private consultants have helped to improve farmers' understanding of resistance stewardship, machinery sanitization, and multi-season planning (Rubione & Ward, 2016; Barker et al., 2023). Despite this, barriers such as short-term land tenure contracts continue to discourage growers from adopting diverse rotations, which are critical for disrupting the life cycles of weeds and for reducing the accumulation of the persistent seedbank (Mucheri et al., 2024). Therefore, the integration of technical and policy solutions that support long-term sustainable viewpoints is also required for the sustainable weed management of soybean systems in the wetlands (Mortensen & Smith, 2020; Schroeder et al., 2018). 
The most effective IWM in waterlogged soybean systems will move the focus from the short-term suppression of individual weeds to the suppression of the entire community, over multiple seasons, while also considering hydrological stress, adaptive traits of weeds, and resistance to control measures. Integrated disease control measures for the waterlogged soybean systems are also necessary for resistant weeds. Largely, landscape-level control measures are also required for resistant weeds. Isolated control measures remain inadequate in systems that are connected to swamps, as resistant weeds and flood-dispersed seeds can move through the landscape. (Riemens et al., 2021).

6.4.2. Case Studies From Swamp Agriculture: Lessons for Waterlogged Soybean Weed Management
When there's a change in the swamp-based cropping systems in the tropics, the first thing to consider is the community of weeds and which ones become dominant first. In the case of the lowland rice and the middle of the swamp, in and out management of water encourages the growth of water in turn flood-adapted weeds like Cyperus rotundus and  miliacea which even become the dominant species in the flooded productive zones of the lowland rice, and which even, in the case of high infestations, can cause yield losses to the rice of over 30 percent (MacLaren et al., 2020). In back swamp soybean production, this phenomenon is very relevant, as waterlogging aggravates the physiological constraints of the crop and reduces its weed-suppressing ability, in comparison to more aerobic systems (Mortensen & Smith, 2020).
Throughout the swamp agroecosystem, assemblages of weeds are filtered by the stresses of saturation and hypoxia, and this favors the more aquatic and amphibious weeds with more an adaptive development of aerenchyma, quicker shoot growth, and the ability to withstand anaerobic metabolism. These traits help equip the weeds to avoid flooding so they can take over the competition from the Soybean, which does not handle that type of stress well (Jussaume & Ervin, 2016; Paiman et al., 2022). Because of this, the weeds that grow in swamp-type systems with their highly plastic species, which can exploit and respond to cycles of drainage and soil moisture, often succeed in dominating the crop very quickly. They also pose a problem for the grower in the case of weed management, which is not only a technical challenge, but is also a sociological challenge, especially in the case of the development of herbicide resistance after a reliance on the chemicals.
Managing resistance has shown the need for coordinated, area-wide strategies rather than isolated field-scale interventions, as propagules and resistant alleles via hydrological connectivity may come and go across fragmented lowland landscapes (Schroeder et al., 2018). Successful regional pest and weed management programs demonstrate that stakeholder-led partnerships, where state and university research/service agencies are involved, cultivate positive long-term stewardship and diminish the spread of resistance (Harker et al., 2017; Schroeder et al., 2018). Still, while the potential for water-cooled dispersal pathways to promote gene flow and reinvasion in swamp-embedded production landscapes is evident, comparable coordinated strategies are still lacking for waterlogged soybean systems (Paiman et al., 2022). These observations highlight the need for interdisciplinary studies, combining weed ecophysiology, hydrology, agronomy, and the socio-economics of the situation. Considerable knowledge gaps still exist in trait-based forecasting concerning weed adaptation mechanisms to prolonged waterlogging; the extrapolation of knowledge has been primarily drawn from rice paddies and aerobic cropping systems, and the same still applies to swamp soybean rotations (Shaw, 2016). To develop resilient and diversified weed management strategies, long-term ecological monitoring and transdisciplinary approaches are necessary to cope with the shifting selection pressures of swamp environments; this will help to sustain soybean productivity as the threat of flooding increases (Chauhan et al., 2017; Mucheri et al., 2024; Andújar, 2023).

7. RESEARCH GAPS AND FUTURE DIRECTIONS
7.1. Limited Understanding of Weed Adaptation in Waterlogged Soybean Systems
Even though soybeans are being planted in wet and swampy lowlands, research on adaptive weeds in these types of environments has been insufficient. Most of the knowledge about the weeds that survive in extreme low and high flow wetland systems, herbicides, and hypoxia is very incomplete and is less helpful for building focused management techniques (Ilias et al., 2023; Chauhan, 2020). Although there is a distinct competitive interaction and weed spectrum in swamp soybean agroecosystems, most of the mechanistic insights on flooding tolerance have been extrapolated from upland systems and rice paddies (Fukao et al., 2019). 
Research investigating the networks, pathways, and genes of metabolism and regulation that underpin weed survival under prolonged oxygen deficiency must take precedence. The most recent advances in stress biology impart a critical need to describe the hypoxia-responsive pathways of transcription and the tolerance genes that may, Manghwar et al., 2024, interact with the mechanisms of metabolism and detoxification of herbicides. These relationships must be understood to understand whether the waterlogging tolerance of a given biotype of flood-adapted weeds and repeated chemical selection will enhance competitive ability or increase fitness costs (Chauhan et al., 2017; Manik et al, 2019).

7.2. Need for Long-Term Ecological and Management Research
Studies with shorter time frames often do not capture cumulative impacts of hydrological disturbance on invasive species seedbank(s), the evolution of resistance, and community reorganization. The multifaceted character of swamp ecosystems means that a long-term assessment is needed to illustrate the impacts of sustained waterlogging on the pressures of selection and the migration of weed populations through cropping cycles. (Beckie et al., 2019; Weibert et al., 2024). Longitudinal field research is indispensable for assessing the resilience of strategies for integrated weed management (IWM) (e.g., the combination of drainage, diversified cropping systems, and the use of cover crops) in ‘real’ swamp ecosystems (Daramola et al., 2023). 
Meanwhile, predictive modelling tools are needed to incorporate crop-weed competition and water variability. Simulation models that consider environmental factors, the phenology of weed emergence, and competition for resources will yield better predictions on the impacts of fluctuating water on crop yield and the outcomes of management (Liu et al., 2020; Moreau et al., 2022). 

7.3. Climate Change as a new driver of weed shifts.
Flooding will become more common in production areas that are located in lowland terrains, and with climate change, there will also be higher variability in rainfall, suggesting a further growth of hydrophytic and invasive weed species dominance (Paiman et al., 2022; Kumar et al., 2023). Precipitation, which is least predictable, will likely lead to a higher rate of sedge and amphibious grass flooding, and also, during field safety conditions, less opportunity to apply timing herbicides (Ramesh et al., 2017; Chauhan et al., 2017). 
More weed growth and more complexity in mixed species infections will be caused by the rise in the CO₂ level and temperature, which will also modify the competitiveness of different species (Keerthi et al., 2023; Vilà et al., 2021). There are a number of factors related to climate change that could lead to less herbicide uptake, which, in turn, could lead to less of the chemical being effective (Pacanoski & Mehmeti, 2023; Kumar et al., 2020).

7.4. Toward Adaptive and Technology-Enabled Management Frameworks
Considering the importance of swamp soybean systems, the need for adaptive management strategies becomes imperative. Technological advancements in precise agriculture, such as AI-based systems for weed detection and self-operating robotic weeders, are potential candidates for innovation to help in the reduction of the use of herbicides and to decrease soil disturbance in sensitive wetland ecosystems, although the evidence from the field is still limited (Ravi & Kamal, 2025). 
Weak the soybean systems with waterlogging, the Bible interdisciplinary strategies must bring together weed ecophysiology, molecular and quantitative genetics, hydrology, and the socio-economics of the region. Such strategies are needed to formulate target-based resilient management systems characterized by diversity that will support the soybean systems under increasing hydrological variability and the adaptive potential of the associated weed species.

8. CONCLUSION
This review illustrates the cultivation of waterlogged soybeans in swampy areas, which exerts distinct ecological selection pressures that significantly alter the composition and dynamics of the weed community. Extended periods of soil saturation promote the growth of hydrophytic and amphibious species of weeds that possess adaptive traits, such as the ability to germinate anaerobically, aerenchyma tissue, and root adventitiously, as well as having the ability to regenerate rapidly. These traits allow the weeds to survive and, in many cases, become dominant, despite the hypoxic conditions. In contrast, the soybean remains vulnerable because its root systems become impaired due to the formation of ineffective nodules, and the plant exhibits an overall reduction in photosynthetic activity and resource acquisition. These conditions ultimately weaken the soybean’s ability to suppress the establishment of weeds during the early part of the growing season.
The pressures of weeds, especially in swampy ecosystems, will become a major issue as rainfall patterns become more variable and the frequency of flooding increases. Additionally, higher concentrations of CO2 in the atmosphere will promote the growth of weeds and result in an unequal balance between C3 and C4 varieties, especially in wet conditions where the reliance on chemical weed control becomes ineffective. These factors will shift the balance of species composition of wetlands and increase the rate of evolution of biotypes that exhibit resistance to chemical control, demonstrating the limitations of a chemical control approach to weed management.
Therefore, soybean cultivation in swampy ecosystems requires site-specific management frameworks that synthesize hydrological management with an ecological understanding of crop and weed dynamics. Flood-tolerant cultivars, better-drained systems, and agronomic practices that promote rapid crop development will help mitigate the competitive threats posed by water-adapted weeds. Interventions through Cultural practices, such as refined planting dates, crop rotation diversity, and the use of cover crops, can also help to disrupt the life cycles of weeds and mitigate recruitment of water table-adapted species.
Integrated weed management that is mechanical, cultural, and biological, and the judicious use of chemical methods, will provide the greatest long-term sustainability. Future management will need to incorporate the use of herbicides that are less harmful to the environment, have short half-lives, low runoff potential, and promote the use of non-chemical methods such as mulching and close row planting that will lower the velocity of resistance. The development of biological control and the use of bioherbicides also offer potential where the less desirable conditions of mechanical and chemical methods are the result of weed saturation.
The adaptive management and ecosystem-based paradigm of weed management must also incorporate the hydrological impacts, the functional traits of weeds, and the multi-seasonal aspects of stewardship to ensure sustainable soybean production in the increasingly flood-prone and high-weed adaptive environments.
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