


Microbial Adaptation and Resilience to Waterlogging Stress: Mechanisms, Recovery, and Implications for Agroecosystem Function

Abstract
Waterlogging is a growing phenomenon across the globe due to increased rainfall and lack of proper soil drainage. In waterlogged soils, the diffusion of oxygen becomes limited, resulting in anoxia and hypoxia, which have significant effects on microbial processes, soil biogeochemical reactions, and crop productivity.The purpose of this review article is to highlight the adaptability of soil microorganisms to waterlogging and how they help recover from the stressed state and increase plant tolerance. Under oxygen-limited conditions, soil microorganisms are capable of metabolic adaptations to sustain their energy production through denitrification, metal reduction, and fermentation, among other processes. Apart from metabolic defense strategies, microorganisms use physical structures like biofilms and exopolysaccharides, and even reorganization of microbial population within the environment, to cope with stress conditions related to flooding. After water removal, oxidative stress is experienced by microorganisms due to re-oxygenation, but with the help of antioxidant defense mechanisms and cell repair activities, the functioning of microbes can be restored. Microbes in soil help plants cope with waterlogged conditions by controlling rhizosphere processes, improving nutrient availability, adjusting ethylene levels through ACC deaminase activity, and promoting root recovery. These microbial activities are critical for nutrient cycles, decomposition, soil aggregation, and the resilience of agroecosystems. Greater knowledge about microbial adaptation and resilience under varying levels of oxygen will help formulate sustainable management practices that can help improve soil fertility and agricultural production in flood-prone systems.
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1. Introduction
Water is necessary for microbial and plant activity but presents as a stress when the volume in excess of the drainage capacity results in waterlogging. Lately, the incidence of excessive rainfall and prolonged soil saturation has increased due to climate variability and extreme weather conditions. Consequently, waterlogging is notorious to be one of the major challenges in crop production, largely on low-lying and poorly-drained agricultural lands (Zhang et al., 2025).
In areas with waterlogged soils, the exchange of gases between the soil surface and atmosphere is greatly hampered. Dissolved oxygen in the soil solution is quickly consumed by root and microbial respiration, and additional diffusion of oxygen into water-filled inter aggregates pores is limited. As a result, the rhizosphere transiently becomes hypoxic and ultimately anoxic (Tyagi et al., 2024). This shift does not only impact plant roots but it also changes the metabolism of soil microorganisms that mostly breathe oxygen to produce energy (Das et al. 2025).
Long-term waterlogged condition significantly affects the microbial community structure. Oxygen-requiring bacteria and acidogenic organisms diminish over time, whereas anaerobic-resistant and obligate-anaerobe species become more dominant. These changes have an impact in the soil's processes such as those that related to the decomposition of organic matter, nutrient cycling and biological activity of roots. Analogue restructuring of microbial communities under flooded conditions has also been described in agricultural soils, indicating the susceptibility of soil microbiota to O2 depletion (Francioli et al., 2021). Despite this limitation, many microorganisms have developed mechanisms to adapt to O2-limited conditions, and are sometimes involved in plant tolerance to flooding (Sasidharan et al., 2017).
Besides biological and redox-induced effects, waterlogging has dramatic impact on soil pH. Anaerobic conditions are known to induce the accumulation of carbon dioxide, fermentative end-products and organic acids which cause localized acidic zones in the root volume (Chandra & Kumar, 2015). Other soils, however, the reduction of iron and manganese oxides may cause pH to increase (depends on soil texture and buffer capacity) (Leelastwattanagul et al. 2023). Such pH oscillation also influences nutrient solubility, microbial viability and enzyme function which thereby contribute to the reshaping of microbial populations at extended inundation (Gu et al., 2019).
2. Metabolic Plasticity: The Anaerobic switch
Microbes have to readjust their processes for energy production to survive in saturated soil conditions and lower levels of oxygen (Khademian & Imlay, 2021). Since soil microbes primarily use oxygen as their terminal electron acceptor under normal soil conditions, this process can easily get disrupted in the presence of saturated soil. As soil microorganisms are unable to get sufficient levels of oxygen for their processes, their energy-producing process changes to one that takes place in the absence of oxygen. This helps the microorganisms survive in saturated soil conditions (Tyagi et al., 2024).
2.1 Use of Alternative Electron Acceptors
In the absence of oxygen, the primary adaptation of microorganisms in low oxygen soils is to use alternative terminal electron acceptors (TEAs). The main advantage of using TEAs is to continue producing ATP for anaerobes (facultative microorganisms), which decreases the soil redox potential as it becomes saturated (Francioli et al., 2021).
Denitrification
Microorganisms can utilize nitrate as an electron acceptor in hypoxic environments. Denitrifying microbes activate the genes for their nitrate-reducing enzymes (i.e., narG, napA), which allows the process of denitrification to occur even when there is very little oxygen available (Chen et al., 2022). The process of denitrification is less efficient than oxygen-based respiration but is better at promoting growth during the early phase of water-logging (Pawar et al., 2025).
Metal Reduction During Extended Flooding
As the anoxic condition increases and the availability of nitrates decreases, the number of microbes capable of reducing iron (Fe3+) and manganese (Mn4+) oxides increase. The reduction of metal oxides in sites with extremely low oxygen concentrations allows specific groups of microbes (for example, Geobacteraceae) to carry out their metabolic activities via these compounds as electron acceptors. Reduction of Fe and Mn occurs in flooded soils that remain flooded for extended periods and results in redox changes, which are observed in flooded soils (Rangasami et al., 2022).
These successive processes, from oxygen to nitrate and eventually to metal oxides illustrate the ability of microbial respiration to follow chemical changes that occur in saturated soil. Even in conditions where oxygen is limited, microorganisms continue to produce energy through modifications in the electron transport chains in their cells (Zhang et al., 2025).
2.2 Fermentative Pathway  
Microorganisms depend more on fermentation for maintaining the crucial metabolic functions when there is no availability of oxygen or electron acceptors. Fermentation assists with NAD⁺ regeneration and the general metabolic process to sustain life when there is no oxygen. However, this process results in the production of less ATP compared to respiration (Tyagi et al., 2024).
Fermentation Indicators in Waterlogged Soils
Waterlogged soils frequently have high levels of fermentation byproducts such as lactate, acetate, and formate. According to Leelastwattanagul et al., (2023), high levels of these organic acids indicate that the microbial community has changed due to prolonged saturation from aerobic to low-energy anaerobic processes. Pawar et al., (2025), believe that organic acids in the rhizosphere can affect microbial activities due to their effect on soil chemistry and pH levels.
Maintaining a Constant pH during Fermentation
It becomes necessary for microbes to regulate internal pH to avoid the accumulation of acids inside the cell. The production of acid is one of the possibilities during fermentation. Decarboxylation reactions, antiporters, and proton pumps help cells maintain intracellular pH (Wang et al., 2022). They protect metabolic enzymes. During long-term oxygen absence, where cells depend mostly on fermentation for energy production, these mechanisms of pH regulation become very critical for microbial survival (Guan & Liu, 2020).
3. Structural and physical Defense Mechanisms
Under reduced oxygen levels, metabolic changes allow microorganisms to continue producing energy, but waterlogging over an extended period generates further physical and chemical stresses beyond the compensatory powers of metabolism (Zhang et al., 2025). Several structural and physical defense strategies are employed by microbes to overcome such conditions. These responses help cells protect themselves against low redox potential, osmotic stress, toxic ions, and unstable pH-common features in flooded soils (Das et al., 2025).
3.1 Biofilm Development and Quorum Sensing
Biofilm development is another important physical defense strategy employed by microorganisms in waterlogged conditions. Biofilms are formed by bacterial cells, bound together with an extracellular matrix produced by these bacterial cells, which adheres to soil particles and root surfaces (Gogoi et al., 2021). It has been observed, through Quorum Sensing (QS)-mediated regulation, that several Rhizosphere bacteria, including Pseudomonas, Bacillus, and Azospirillum spp., tend to produce higher biofilms under stressed conditions (Chauhan et al., 2023).
Biofilms work to protect by providing micro-scale gradients of chemicals within the biofilm itself (Battin et al., 2016). The regions outside of the biofilm consume oxygen and other electron acceptors rapidly, allowing the cells inside the biofilm to remain in a more stable, reduced environment. Within wet soil, the presence of such micro-scale heterogeneity has particular importance because the concentrations of oxygen can fluctuate greatly in very short distances (Francioli et al., 2021). Biofilms also provide a defense mechanism and a stable structure. The viscoelastic nature of biofilms reduces the risk of being displaced or washed away by microbes by helping microbial cells to retain their attachment to soil and root surfaces during flooding. High biofilm formation is associated with microbial survival under repeated wetting and drying cycles, according to studies on periodically wet soils (Leelastwattanagul et al. 2023).
3.2 Production of Exopolysaccharides (EPS)
Stress responses under a wet environment are mostly accompanied by increasing production of exopolysaccharide, which is related to biofilm production (Morcillo & Manzanera, 2021). The EPS plays an important role in protecting microbial organisms against environmental stresses while providing structural characteristics to the biofilm matrix (Costa et al., 2018). Protection through the binding and retention of reduced metal ions (e.g., Fe²⁺ and Mn²⁺) is one of the primary functions of EPS. Under anaerobic conditions, these metal ions turn out to be highly soluble. By retaining the metal ions within the exopolymeric matrix, the EPS decreases their potential toxicity, reducing the entry of metals into microbial cells (Gupta & Diwan, 2017).
EPS plays a role in the stabilization of microbial cell microenvironment through the maintenance of a moist environment. It absorbs nutrients and buffers the effects of rapid changes in soil pH and redox potentials (Ali et al., 2024). In this respect, the buffering capacity of EPS is particularly important during periods of transition from flooded states to drained states and how rapid changes in soil chemistry brings extreme stress on microbial cells (Gu et al., 2019).
3.3 Community-Level Organization and Physical Protection 
Structures of defense will affect all of these microbial communities, not only individual cells. One of these changes involving microbial communities can happen when soils become water-saturated, which can affect microbial spatial distribution. The aggregated structures or layered microhabitats created by microbial colonies in soil will create niches for different microbes to thrive (Bach et al., 2018). Generally, the area of reduction due to water saturation will support facultative or anaerobic microbes, while microaerophilic microbes will thrive in areas representing a transitional habitat for communities nested between the two extremes of soil aerobes/anaerobes (Francioli et al., 2021).
This spatial arrangement of microbial communities resulting from the above process provides an opportunity for the coexistence of different functional microbial groups in order to minimize the level of direct competition between microbial groups (Cordero & Datta, 2016). It is recommended that the functional microbial communities resulting from the above process continue to benefit from the level of support associated with the continuation of key soil formation processes in soils characterized by high levels of saturation (Philippot et al., 2024). Consequently, in addition to being capable of maintaining its functional level in the physically harsh environment associated with soils under saturated conditions, the microbial community is able to continue functioning (Nguyen et al., 2018).
4. Microbial Recovery after Waterlogging from Post-Hypoxic Stress
The soil microbes are subjected to long-term low oxygen conditions due to flooding; however, the soil microbial communities are subjected to continued stress even after the water has drained from the soil. Continued stress is caused by flooding and the sudden return of oxygen. This is known as post-hypoxic. This oxygen is essential for a microbe, and a sudden influx of oxygen can cause oxidative stress. The microbes' ability to resist and recover from flooding will mainly influence the recovery of soil biological functions (Das et al. 2025).
4.1. Increasing Oxidative Stress after Re-oxygenation
In waterlogged conditions, reduced electron carriers build up as microorganisms shift from aerobic to anaerobic respiration or fermentation for energy. The reduced compounds will lead to higher levels of reactive oxygen species (ROS) like hydrogen peroxide and superoxide radicals during the re-entry of molecular oxygen from the surroundings following waterlogging (Hasanuzzaman et al., 2017). At the point of re-oxygenation, microorganisms are highly susceptible to oxidative stress due to the toxic effect of excessive ROS, which can harm the proteins, lipids, and nucleic acids.
It has been observed that there is a reduction in the activity of microbial enzymes following flooding and during soil drainage, indicating a stress response and adaptation of microorganisms. At this point, respiration and redox enzymes may experience temporary inhibition or variation, indicating sensitivity to oxidative stress (Gu et al., 2019).
4.2 Antioxidants’ Defense Mechanism
The microbial community employs an antioxidant defense mechanism to counter oxidative stress. This enables the microbial community to reduce reactive oxygen species (ROS) and restore cellular homeostasis. Catalase (CAT), various peroxidases, and superoxide dismutase (SOD) are the main enzymes responsible for this mechanism. According to Chauhan et al. (2023), the combination of these enzymes helps to reduce highly reactive oxygen species to less toxic forms, which enables the microbial cells to restore redox balance.
The changes in catalase and peroxidase activity of soil microorganisms during the transition from wet to aerobic conditions indicate that the microbial community actively responds to oxidative stress during the re-oxygenation phase. Moreover, Gu et al., (2019) have established that microbial communities with high antioxidant activity are more capable of dealing with this stress and recovering their metabolic functions quickly.
4.3 Cell Repair and Recovery at a Community Level
As the oxidation level decreases, the organisms in the habitat will start their processes for cell repair. Aerobic metabolism will return to normal, oxidized proteins will be recreated, and cell membranes will be repaired (Kołodziej et al., 2018). The speed of recovery from oxidative stress will depend on the type of microbial community and the soil conditions (such as soil temperature, organic matter, and soil texture).
Observations conducted in the field after flooding showed that microbial biomass and functional activity take time to recover after drainage. On the other hand, microbial communities that are able to adapt and tolerate stress have a higher rate of recovery of activity than those that are not, hence contributing to the restoration of nutrient cycling and biotic balance (Philippot et al., 2021).
4.4 Impact of Flooding on Soil Function  
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:Waterlogging caused by excessive rainfall results in oxygen depletion within soil, triggering metabolic and structural adaptations in microbial communities. Microorganisms switch to anaerobic respiration and fermentation, produce biofilms and exopolysacc
)[image: ]The time required for soil to recover from a waterlogged condition to a normal functional condition depends on the events that occur during the post hypoxic phase (Zhang et al., 2025). Microbial recovery will improve root interactions, organic matter decomposition, and nutrient cycling. Failure to achieve microbial recovery as quickly as possible will have a negative effect on crop growth and will continue to affect the soil in a dysfunctional state. Improved understanding of microbial response to reoxygenation would improve our understanding of the important role of microbes in the recovery of soils from flooding (Das et al. 2025). 
5. The Role of Microbes in Improving Plant Resistance to Waterlogging
Plant performance is directly associated with the function of soil microbes, especially in the rhizosphere, when the soil is waterlogged. Soil microbes in the rhizosphere can improve or decrease stress factors in plants caused by waterlogging, such as the absence of oxygen and nutrients, as well as the buildup of toxic ions (Zhang et al., 2025). Certain types of soil microbes improve the availability of nutrients, plant stress hormones, and the rhizosphere environment when the soil is saturated with water for a prolonged period.
5.1 Microbial Regulation in the Rhizosphere Environment
Waterlogging causes a rapid change in the chemical and physical environment of the rhizosphere. The reduction in redox potential and the limited diffusion of oxygen influence the microbial community composition that inhabits the root zone of plants. Anaerobes and facultative anaerobes are known to play a major role in the microbial community, mainly due to their role in regulating reduced compounds, such as Fe2+ or sulfides, which would otherwise be toxic to the root tissues (Das et al., 2025).
The microbial community helps to stabilize the root environment by regulating reduced compounds and redox reactions in the rhizosphere (Barra Caracciolo & Terenzi, 2021). The role of microbes in regulating the root environment helps plants to maintain basic physiological processes even in conditions where the oxygen level is low. In addition, the presence of soil microbes helps to reduce the chemical stress that is directly imposed on the root tissues.
5.2 Microbial Regulation of Plant Stress Hormones
The regulation of stress hormones in plants, especially ethylene, by microorganisms is one of the most important contributions made by microorganisms to help plants survive in a flooded environment. The limitation of gas diffusion in flooded soils leads to the buildup of ethylene (C2H4) in the plant tissue. Higher concentrations of ethylene lead to higher damage to the plant due to flooding, promoting plant tissue senescence and preventing root elongation (McKevlin et al., 2019). Certain bacteria in the rhizosphere possess 1-aminocyclopropane-1-carboxylate (ACC) deaminase, an enzyme that cleaves ACC, the immediate precursor of ethylene, and plays an important role in the reduction of ethylene concentration during flooding by enabling bacteria to sustain root growth and postpone the onset of stress symptoms (Nascimento et al., 2018). This process is particularly important in flood-susceptible soils, as higher concentrations of ethylene can significantly impede the development of the root system in crops.
5.3 The Effect of Microorganisms on Nutrient Uptake During Flooding 
During flooding, there may be alterations in the nutrient levels of the soil, especially in nitrogen, phosphorus, and iron. Microorganisms play a crucial role in the formation and regulation of nutrient availability and the amount of nutrients that a plant can obtain. During flooding, there is a large increase in the amount of ammonium and the reduction of nitrate due to the denitrification process. Microorganisms directly affect the amount of nitrogen that plants can obtain during stress conditions. 
The solubility of phosphorus in flooded soils is largely dependent on the microorganisms' ability to convert iron oxides into iron, which will be dissolved (Maranguit et al., 2017). During the early stages of flooding, when there is a large amount of phosphorus that can be dissolved from iron, this process can be beneficial to plants because there will be a temporary increase in the concentration of phosphorus in the root zone. But if the microbial process of iron conversion is hampered for a long period of time, this might potentially cause phosphate toxicity in the long term.
5.4 The Role of Microorganisms After the Drainage of Floodwaters  
Microorganisms also play a role in plants after the drainage of floodwaters. During the process of draining and re-oxygenating the soil, microorganisms and plant roots experience oxidative stress due to flooding. Rhizosphere microorganisms help plant roots recover from flooding by providing them with improved antioxidant activity, increased nutrient uptake pathways, and increased root regeneration.
Microbial diversity is important in maintaining functional crop growth when changes in moisture content occur. Soils with diverse and strong microorganisms tend to have faster plant recovery from flooding (Nguyen et al., 2018).
6. Role of Microorganisms in Agro-ecosystem Resilience and Soil Function
Microorganisms play a major role in the adaptation and recovery process of agro-ecosystems during flooding events. The role of microbial activities during floods cannot be underestimated, as it has a major influence on soil texture, the process of organic matter decomposition, and nutrient cycling in soils (Rupngam & Messiga, 2024). 
6.1 Nutrient Cycling and Soil Biogeochemistry
Waterlogging affects the ratio of different processes of nutrient transformation, i.e., anaerobic and aerobic processes. During the time of waterlogging, denitrification processes involving iron and sulfate reductions occur. When water drains from the saturated soil, the re-oxidation of the soil is a slow process that re-establishes the aerobic processes of nutrient cycling. The level of adaptability that is present with the microbial community, as it moves from one state to another, will influence the rate at which the soils will recover after the flooding has affected the soil. The soils are able to maintain their nutrient levels when the microbial communities are highly adaptable as a result of waterlogging periods (Gschwend et al., 2020).
6.2 Organic Matter Decomposition and Carbon Dynamics
Flooding causes the accumulation of partially decomposed organic matter, thereby reducing the rate of aerobic decomposition. The anaerobic microbes can still decompose, though at a slower rate, through anaerobic respiration and fermentation, producing reduced carbon compounds and organic acids (Christy et al., 2014). However, once the soil is re-aerated by the floodwater draining out, the microbial population experiences a substantial increase in their respiration rate, causing a substantial turnover of carbon (Shi et al., 2025).
The long-term carbon storage in soil and the effectiveness of microbial carbon utilization can be affected by the periodic flooding and drying cycles. These processes demonstrate how microorganisms regulate short-term soil respiration and long-term carbon sequestration in regions with fluctuating moisture conditions.
6.3 Soil Structure, Aggregation & Resilience
Through the production of extracellular substances such as Exopolysaccharide (EPS) and the interaction of microorganisms with plant roots, microorganisms play a direct role in the structure of soil. The role of microbial binding agents in the re-formation of aggregates after flooding events has been shown to improve soil porosity and oxygen movement. The re-establishment of soil aggregates is essential for providing structure to improve aerobic microbial metabolism and root development (Costa et al., 2018).
Soils with a biologically active microbial population and soil aggregation have higher resilience to waterlogging stress, which emphasizes the significance of biological processes in the resilience of agro-ecosystems (Leelastwattanagul et al. 2023).
7. Conclusions
Waterlogging alters soil oxygen availability, redox balance, nutrient transformations, and microbial community structure. This review shows that soil microorganisms respond to waterlogging through metabolic, structural, and community-level adaptations. The shift from aerobic respiration to denitrification, metal reduction, and fermentation enables microorganisms to maintain essential functions under oxygen-limited conditions. Biofilm formation, exopolysaccharide production, and spatial reorganization further protect microbial cells and help stabilize soil microhabitats. After drainage, reoxygenation creates oxidative stress, but antioxidant defenses and cellular repair mechanisms support microbial recovery. These microbial responses are closely linked with agroecosystem function because they influence nutrient cycling, organic matter decomposition, soil aggregation, carbon turnover, and rhizosphere processes. Microorganisms also support plant tolerance and post-flood recovery by improving nutrient availability, regulating stress-related compounds, and maintaining root–microbe interactions. Overall, microbial resilience is an important component of soil recovery after waterlogging. Future research should identify microbial indicators of flood tolerance, evaluate long-term wetting–drying cycles, and integrate microbial traits into soil-health assessment and waterlogging management strategies.
Limitations
This review is limited by its narrative approach and does not include a systematic search strategy, meta-analysis, or quantitative comparison of studies. The discussion is based on published literature across different soil types, crops, climates, and flooding durations, which may limit direct generalization to all agroecosystems. Some mechanisms are described from related microbial or plant-stress studies rather than direct field evidence under waterlogging. The review also gives limited attention to crop-specific responses, management interventions, and long-term field validation. Future reviews should use systematic methods and compare microbial responses across soil types, crops, and flooding intensities.
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