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ABSTRACt

	Climate change, driven by anthropogenic greenhouse gas (GHG) emissions like carbon dioxide (CO₂), methane (CH₄), and nitrous oxide (N₂O), is expected to worsen extreme weather events such as droughts, altered precipitation, floods, and wildfires by the century's end. These extreme weather events can exacerbate soil degradation, diminishing soil quality and productivity, with significant implications for food security globally. In this review, we describe the interconnections between climate change and soil degradation, especially those that control nutrient cycling and GHG emissions. The key climate change drivers of soil degradation are extreme precipitation patterns and elevated atmospheric temperatures, which intensify both short- and long-term effects on soil physical, chemical, and biological properties. The rise in temperatures can lead to increased soil compaction, destabilizing soil structure and reducing soil porosity. This impairs soil aeration, diminishing both macro- and microbial activity, which disrupts nutrient cycling and contributes to soil degradation. Increased flooding promotes leaching and soil erosion which increases soil organic matter (SOM) and nitrogen (N) losses. This destabilizes soil N stocks and can retard proper crop growth. Frequent droughts inhibit enzymatic activities such as phosphatase responsible for phosphorus (P) mineralization, reducing the amount of phosphates available for plant uptake. Additionally, the continuous rise in temperatures increases microbial activity resulting in increased SOM decomposition and release of CO2 into the atmosphere contributing to global warming. The changing precipitation patterns, especially intensive precipitation, increase anaerobic soil conditions which decrease soil microbial activity, thereby disrupting nutrient cycling. The above changes referred to as climate change-induced soil degradation in this review, alter the capability of soil properties to sustain food security and soil health necessitating the integration of adaptation and mitigation strategies to ensure sustainable functioning of terrestrial agroecosystems. Addressing this critical issue, we have identified the challenges in mitigating these impacts and proposed remediation strategies based on existing scientific knowledge.
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1. INTRODUCTION 

 Climate change presents one of the most pressing global challenges, causing significant social, economic, and environmental losses by impeding agroecosystem productivity (Adiaha, 2019). The current global climatic conditions have shifted notably, affecting air temperature, precipitation, CO₂ levels, humidity, and solar radiation (Kumar et al., 2022). Globally, there is an increase in atmospheric CO₂ concentrations, which have led to increased temperatures and, in turn, more extreme precipitation events (Sánchez-Rodríguez et al., 2019).  The Intergovernmental Panel on Climate Change (IPCC) projects global temperatures to rise by 1.1°C to 6.4°C by the end of the 21st century, with the most likely increase ranging from 1.8°C to 4.0°C (Brevik, 2013; Kumar et al., 2022). Climate models also predict that global warming will amplify the frequency of floods and droughts approximately across 10% of the total global land area (Furtak & Wolińska, 2023). Additionally, future climate scenarios anticipate more extreme heatwaves, prolonged droughts, and intensified precipitation, further exacerbating climate variability (Abdallah et al., 2021). These impacts of climate change are not uniform and exhibit spatial and temporal variability across the globe. Research shows that tropical and subtropical regions are particularly vulnerable, with these areas expected to experience the most significant declines in crop production due to climate change effects on crop productivity than temperate regions (Elbasiouny et al., 2022). 
The current climate change is primarily driven by global warming and the emission of GHGs, including CO2, CH4 and N2O (Basheer et al., 2024; Don et al., 2024). These GHGs play a significant role in climate change by trapping heat in the atmosphere, as they prevent infrared radiation from escaping, thereby contributing to global warming (Bibi & Rahman, 2023). Agricultural systems both contribute to and are impacted by this changing climate. Previous literature reports approximately one-third of human-caused GHGs emissions stemming from agriculture. Of major concern, is N2O emissions arising from the application of N fertilizers, CO2 from burning fossil fuels for machinery on-farm, and CH4 from livestock manure in production systems (Bibi & Rahman, 2023; Elbasiouny et al., 2022). These agricultural systems contribute approximately more than 80% of N2O and 40% CH4 emissions to the global GHGs emissions (Basheer et al., 2024; Chataut et al., 2023). Recently, in 2022, agrifood systems were reported to be responsible for 16.2 billion tons of CO2 emissions released into the atmosphere (FAO, 2022).

Soil is integral to these agricultural systems in mitigating climate change, serving as a reservoir and sink for the C and N cycles. Notably, soils contain more C than the atmosphere and vegetation combined (Gerke, 2022). It is estimated that the top meter of surface soils stores approximately 1500 Pg of C, underscoring the strong interconnection between atmospheric C and soil organic carbon (SOC)  (Chen et al., 2018). Climate change, driven by variations in rainfall and temperature, induces both immediate and long-term alterations in soil physical, chemical, and biological properties, as well as in soil water regimes and biogeochemical cycles (Asensio et al., 2021; Gelybó et al., 2018). 

Soil physical properties, which control the soil’s behavior, are significantly influenced by the current global climatic variations. Key soil properties considered in the present review include bulk density, soil textural characteristics, water holding capacity, porosity, and structure. Changes in precipitation patterns significantly influence soil moisture and porosity. Intense precipitation events increase surface runoff while limiting water infiltration, leading to reduced soil moisture and the formation of drier soils. Moreso, waterlogging due to flooding clogs soil pores with water causing anaerobic soil conditions which hinder performance of most soil living organisms that are aerobic. The elevated atmospheric temperatures and persistent drought periods profoundly affect soil productivity by diminishing soil moisture due to raising soil temperatures and excessive evaporation of water from the soil, thereby impairing crop production (Bibi & Rahman, 2023).  Prolonged droughts result in reduced soil moisture, which diminishes microbial activity essential for soil aggregate stabilization. This process increases soil compaction, elevates bulk density, and disrupts root growth (Patil & Lamnganbi, 2018). 

Soil provides habitat to diverse soil-dwelling organisms, which are essential contributors to soil health and are particularly susceptible to changes in climatic conditions. Frequent long droughts diminish soil moisture, which is essential for the metabolic functions of soil organisms, as well as the transport of soluble substances and dissolved oxygen. This disruption hinders nutrient cycling, ultimately leading to reduced soil fertility and soil degradation. Elevated atmospheric temperatures also accelerate SOM decomposition by enhancing microbial activity, leading to increased CO2 emissions into the atmosphere. This process forms feedback loops that contribute to climate change (Daunoras et al., 2024; Oishy et al., 2025) (Fig.1).  

Extreme precipitation patterns and elevated atmospheric temperatures accelerate N losses through leaching and volatilization respectively, reducing N availability in cropped land. In cases of very low precipitation and droughts, the production of phosphatase activity is reduced thereby  hindering the  mineralization of  phosphates and their uptake by plants (Asensio et al., 2021; Nyamaizi et al., 2025). Prolonged drought periods contribute to soil drying, loss of moisture, and subsequent soil salinization, which can result in the formation of alkaline soils which affect the soil’s pH. This causes elevated atmospheric temperatures that accelerate the  conversion of  acidic gases like sulfur dioxides (SO2) and N oxides (NO) into sulfuric and nitric acids which cause acidic rains that in turn lower the soil’s pH (Brunnée, 2023; Shi et al., 2021). Furthermore, intensive precipitation leads to increased soil acidity due to increased leaching of basic cations such as calcium (Ca), magnesium (Mg) and accumulation of hydrogen ions on the soil surface responsible for the rise in soil acidity (Sun et al., 2023). 

With the current climate change significantly affecting various soil processes and properties, it poses challenges to agricultural systems requiring a deeper understanding of their interconnection with soil systems for developing effective mitigation and adaptation strategies (Brevik, 2013; Lal, 2012). This review has highlighted how the changing climate contributes to soil degradation, with a focus on specific examples that illustrate the complex interplay between soil and climate dynamics. The authors also describe the positive feedback mechanisms linking climate change and soil degradation, driven by accelerated SOC mineralization and radiative forcing (Lal, 2012). Exploring these interactions in agricultural systems and emphasizing the need for holistic approaches is crucial to mitigating climate change-induced soil degradation, enhancing on-farm productivity, and reducing GHG emissions. Strategies such as conservation agriculture, regenerative farming, and the restoration of degraded soils in farmlands and wetlands are critical strategies for addressing the broader impacts of climate change on soil degradation. 


2. Linkages between climate change and soil 

Climate and soil share a symbiotic relationship: climate drives soil formation, while soils play a dual role in releasing GHG emissions and climate change mitigation. Soil formation processes are shaped by climate, parent material, topography, time, and living organisms (Jenny, 1994). The climatic factors of rainfall and temperature greatly influence weathering of rocks to form soil particles, organic matter formation and decomposition (Gelybó et al., 2018). Furthermore, temperature and soil moisture control biogeochemical cycles such as the C and N cycles (Certini & Scalenghe, 2023).  This is observed in the cyclic movement of energy between the atmosphere and soil through absorption, evaporation, and transpiration (Gelybó et al., 2018).

 Soils provide a ‘home’ to anthropogenic activities including N fertilizer application, livestock rearing, burning of fossil fuels which are main source of GHGs of N2O, CH4 and CO2  respectively. These gases exacerbate the greenhouse effect by trapping heat, leading to global warming, rising atmospheric temperatures, and altered precipitation patterns manifesting as floods and droughts (Sarma et al., 2024) (Fig. 1). Moreso, soil plays a central role in mitigating climate change, primarily through C sequestration. Soils  act as a C sink, storing the largest proportion of  C in the form of  SOC and soil inorganic carbon (Certini & Scalenghe, 2023; Lal et al., 2021). These interplay between the two relationships is significant, necessitating a more detailed exploration to understand how climatic variations influence different soil properties and their balance (Fig. 1).
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Fig 1. Schematic diagram showing how climate change interacts with soil processes and its effects on soil properties and management.

3. Climate change and soil physical properties and topsoil losses
[bookmark: _Hlk199331836]3.1. Soil structure and the changing climate

Soil structure is a fundamental physical property that significantly influences soil performance by affecting soil aeration, nutrient availability, and water retention (Hartmann & Six, 2023). Climate change impacts soil structure through processes such as slaking and dispersion, which lead to soil aggregate disintegration; compaction-where soil particles are compressed, reducing void spaces; and mechanical disturbance caused by anthropogenic activities like agricultural mechanization (Gelybó et al., 2018). If excessive precipitation is exacerbated by changing climate patterns, soil surfaces become exposed and vulnerable to wind and water erosion, ultimately degrading soil fertility (Rupngam & Messiga, 2024). Additionally, heavy raindrops detach soil particles, forming hollow-like structures on the surface which degrades the original structure of the soil (Sadeghian et al., 2021). 

[bookmark: _Hlk212125449]Elevated temperatures and prolonged droughts, widely documented as consequences of climate change,  (Adeyeye et al., 2018; Bouabdelli et al., 2022) can significantly deteriorate soil structure by reducing aggregate size and stability. This degradation is further exacerbated by the decline in SOM, a critical component for soil structure formation and stability (Brevik, 2013). Among the other effects of climate change, are the current increasing heat waves which can lead to wildfires, (Pausas & Keeley, 2021) resulting in the loss of vegetative cover and leaving the soil bare. This adversely affects essential soil organisms such as termites, earthworms and soil enzymes which are all critical for aggregate formation and soil aeration (Bibi & Rahman, 2023; Kumar et al., 2022). 

As atmospheric temperatures arise, top soil temperatures increase which further destabilizes soil aggregates by inducing water loss from clay minerals and altering the dynamics of iron (Fe) and aluminum (Al) oxides (Kumar et al., 2022). This deterioration of soil structure diminishes porosity, impairs water infiltration and retention, elevates GHG emissions (CH4 in poorly aerated soils and CO2 in well-aerated soils), and fosters the development of hard pans that inhibit plant root growth thereby increasing soil structure deterioration.

3.2. Soil texture and the changing climate

Soil texture, a key physical property, plays a pivotal role in climate change mitigation and global warming reduction. Soil texture is also critical in influencing other physical and chemical properties for example water holding capacity, and the availability of nutrients through regulating nutrient leaching. This inherent  soil physical property can easily be influenced by climatic changes (Bibi & Rahman, 2023). For example, clayey soils slow the release of C stored in soils as CO2, which is a potent GHG. This effect is attributed to chemical compounds, including organo-mineral complexes and Fe and Al oxides, which form between clay minerals and SOM and exhibit resistance to chemical and biological degradation (Sarkar et al., 2018). 

During frequent and extreme precipitation events, the increased soil particle detachment, transport and deposition of organic and inorganic materials driven by enhanced soil erosion and surface runoff, can lead to variations in soil texture (Rupngam & Messiga, 2024). Fine textured soils such as silt and clay are more prone to erosive forces of increased precipitation than coarse textured soils such as sand (Balasubramanian, 2017). This increases the deposition of the fine textured soil particles of clay and silt on lower slopes leaving behind coarse textured soils up slope (Nyamaizi et al., 2018; Rupngam & Messiga, 2024). This suggests that the soil texture across a catena may ultimately be shaped by long-term environmental factors, including climatic changes. On the other hand, elevated temperatures combined with increased precipitation favor chemical weathering  contributing to formation of  finer soil particles (Liu et al., 2022). Conversely, lower temperatures and reduced precipitation lead to sparse vegetation, rendering soil particles vulnerable to water and wind erosion, which hinders soil profile development and results in larger particles (Liu et al., 2022). 

3.3 Water holding capacity and the changing climate

The soil water holding capacity (SWHC) plays a pivotal role in nutrient movement and cycling which enhance crop growth and yield (Abdallah et al., 2021). The ongoing global shifts in precipitation patterns and rising temperatures adversely impact SWHC, consequently influencing nutrient availability and plant absorption (Elbasiouny et al., 2022). There is an interplay between temperature and precipitation changes, that exerts a detrimental effect on soil hydrological properties (Bibi & Rahman, 2023). The amount, frequency, and intensity of precipitation influence soil moisture regimes. The total precipitation determines soil water content, while rainfall intensity controls the extent of water percolation into lower soil layers. 

Increased precipitation, particularly through floods, elevates surface runoff, thereby intensifying the loss of SOM, accelerating the deposition of sandy soils on fertile cropland, and ultimately reducing the SWHC (Eekhout & de Vente, 2022; Kumar et al., 2022). Meanwhile, prolonged drought significantly impacts SWHC by inducing soil drought, a condition where soil moisture is depleted from the soil profile. These drought conditions also leave the soil bear with minimal vegetation cover, promoting evaporation and further reducing SWHC  (Furtak & Wolińska, 2023). 

3.4. Soil porosity changes and the changing climate
	
Soil porosity is affected by both drought and extreme precipitation events. Higher temperatures and drought periods increase soil compaction mostly in fine textured soils of silt and clay, and this eventually decreases soil porosity (Shah et al., 2017). Intensive soil drying caused by elevated atmospheric temperatures enhances oxygen saturation, whereas waterlogging resulting from intense precipitation reduces oxygen saturation due to the blockage of air pores by water, thereby impairing soil aeration. Oxygen is known to diffuse slower in water than in air, with oxygen diffusing 10,000 times faster in air than in water. This slow diffusion in waterlogged conditions limits drainage, infiltration, root and soil living organism respiration (Furtak & Wolińska, 2023; Rupngam & Messiga, 2024).

[bookmark: _Hlk203660886] Increased atmospheric temperatures due to global warming accelerate SOM decomposition by enhancing microbial activity. This process significantly impacts soil porosity by reducing the formation of large soil macro-aggregates (Kruse et al., 2013), which are crucial for improving aeration as they create larger pores that facilitate air and water movement within the soil (Ghosh et al., 2020; Javed et al., 2022). The rise in atmospheric temperatures due to the changing climate also raises soil temperatures, disrupting the physiology, growth, and reproduction of soil engineers like earthworms, which enhance soil aeration and porosity through bioturbation (Onwuka, 2016; Siebert et al., 2019).

3.5. Soil bulk density changes and the changing climate

Bulk density is a physical soil property that affects the soil hydrological properties including SWHC and hydraulic conductivity (Gelybó et al., 2018). Bulk density, a dynamic soil property, is affected by human-induced activities such as tillage and climatic conditions of  precipitation and drought (Bibi & Rahman, 2023). The rising atmospheric temperatures fasten SOM decomposition which can increase the soil’s bulk density thus raising the susceptibility of the soil to compaction. This  lowers root penetration and reduces microbial activity negatively affecting crop productivity (Bibi & Rahman, 2023; Gelybó et al., 2018; Patil & Lamnganbi, 2018). Additionally, the higher SOM decomposition rate due to higher temperatures increases soil compaction due to reduced soil aggregate stability and water infiltration into the soils (Bibi & Rahman, 2023). 

The alternating precipitation and drought periods induce swelling and shrinking of soils, altering soil’s bulk density over time, which inhibits root growth and hinders plant nutrient acquisition. Additionally, variations in precipitation patterns, such as intensive rainfall, increase soil particle detachment and transport, leading to erosion and deposition that alters the soil structure and ultimately changes surface soil bulk density (Gelybó et al., 2018; Kojima et al., 2018). Severe wildfires accelerated by the elevated atmospheric temperatures and extreme droughts can reduce soil aggregate stability and increase clay soil dispersion which increase bulk density and consequently reduce soil porosity. This reduced soil porosity is attributed to ash generated from the wild fires filling the originally existing macro pores (Agbeshie et al., 2022).

3.6. Soil erosion and the changing climate 

Soil erosion is a critical process in soil degradation, primarily affecting the top fertile soil layer, which significantly reduces the productivity of agricultural soils. Declining SOM, reduced water and nutrient holding capacities are some of the on-site impacts of soil erosion that contribute to soil degradation (Belay & Mengistu, 2021; Eekhout & de Vente, 2022). It is estimated about 20- 40% of agricultural land has been affected by soil erosion with a global loss of approximately 17 billion tonnes of soil (Prăvălie et al., 2021). There is also a  projection that soil erosion will increase as a result of climate change directly through the expected increase in extreme precipitation events and indirectly by the changing climate influencing changes in  SOM decomposition and land use (Chapman et al., 2021), which will intensely diminish soil ecosystem functions (Dash & Maity, 2023). Soil erosion and climate change are interconnected processes, where soil erosion disrupts nutrient cycles, enhancing the release of GHGs that contribute to global warming and the subsequent rise in atmospheric temperatures. In return, the changing precipitation patterns cause floods which accelerate soil erosion through increased runoff (Fig. 2). Soil erosion is mainly influenced by changes in precipitation patterns i.e. rainfall frequency and intensity with extreme precipitation influencing soil erosion through soil particle detachment by raindrop impact and runoff (Eekhout & de Vente, 2022; Routschek et al., 2014). On the other hand, the rising temperatures weaken soil properties by increasing SOM decomposition leaving the soil vulnerable to erosion. In cases of extreme droughts, the growth of vegetation decreases, affecting infiltration and encouraging erosive forces (Diop et al., 2022; Routschek et al., 2014). In a research study by Mishra et al., (2022), higher soil erosion rate enhanced by vegetation loss confirmed an increased loss of topsoil as result of soil erosion in barren land i.e. with no vegetation  = 7.73 Mg/ha/year compared to 4.32 Mg/ha/year topsoil loss from mixed cropping while the least was observed in agroforestry fields = 3.23 Mg/ha/year of topsoil loss. The difference in the above results was due to plants intercepting rainfall drops and the plant roots binding soil particles together thereby reducing soil erosion in agroforestry and cropped lands. 

Soil erosion influenced by alterations in climate affects soil physical, chemical and biological properties (Ma et al., 2023). Increasing soil erosion from prolonged precipitation periods influences soil texture leading to coarser particles i.e. sand soil particles upslope and depositing finer textured particles of clay and silt downslope (Kanianska et al., 2024; Nyamaizi et al., 2018). Literature has also reported increased bulk density due to soil erosion that interferes with the development of the soil profile. In a study by Mandal et al., (2021) conducted in the tropical humid region of India, soil bulk density increased with an increment in erosion phases; soil bulk density was 1.33 Mg m− 3 for the slightly eroded phase and increased to 1.44 Mg m− 3 for the severely eroded phases. These changes in bulk density are attributed to the erosive forces that reveal the subsurface soils that are highly compacted, and the destruction of the Ap horizons.

Soil erosion driven by floods and increased wildfires lowers soil fertility due to increased nutrient losses. Wildfires, intensified by rising atmospheric temperatures, destabilize soil structure, making soils more susceptible to erosive forces and leading to increased N loss (Agbeshie et al., 2022). Flooding increases surface runoff, resulting in nutrients and C loss, which hinders crop growth. Consequently, farmers become more dependent on chemical fertilizers, such as nitrogenous fertilizers, to increase yields, thereby increasing GHG emissions.

Soil erosion reduces microbial diversity and activity by depleting SOM, nutrient concentrations, and soil moisture, which are essential for the proper functioning of soil organisms, providing energy and hydration (Qiu et al., 2021). Climate change-induced soil erosion also destroys the natural soil habitats of soil microorganisms and macroorganisms, primarily by destabilizing soil structure and aggregation, resulting in reduced nutrient cycling. Moreover, soil erosion exposes SOM to microbial decomposition thereby decreasing soil C sequestration. This increases CO2 emissions to the atmosphere, increasing atmospheric temperatures, and creating a positive feedback loop (Fig. 1).

4. Soil chemical properties and nutrient cycling in the changing climate
4.1. Nitrogen cycling in the changing climate

Nitrogen is a major nutrient essential for plant growth. Increased atmospheric CO₂ concentrations, rising global temperatures, and shifting precipitation patterns directly affect the processes controlling N cycling. Elevated atmospheric CO₂ enrichment leads to a higher soil C:N ratio through enhanced photosynthesis and biomass production. This leads to higher plant C than N and upon plant decomposition, more C is added to the soil compared to N. Under these conditions, soil microorganisms require more N, promoting N immobilization, which limits N availability for plant uptake. The processes of  N mineralization and immobilization regulate N availability to plants, while nitrification and denitrification increase N loss through leaching and volatilization (Niboyet et al., 2011). Ultimately, these processes are interconnected and shape soil N stocks, which are closely tied to plant primary productivity and decomposition, both of which are highly sensitive to climatic variations (Follett et al., 2012; Niboyet et al., 2011). 

Flooding disrupts the biogeochemical N cycle by creating anaerobic conditions, increasing ammonium concentrations, and promoting processes like leaching, denitrification, and N loss through water runoff and ammonia volatilization (Rupngam & Messiga, 2024). When flooding occurs, oxygen depletion induces anaerobic conditions, which hinder microbial N activity and reduce N mineralization (Furtak & Wolińska, 2023).  In a study conducted by Sánchez-Rodríguez et al. (2019), flooding significantly interfered with N cycling, due to the high levels of ammonium in the soil and ammonia in the atmosphere. 

Previous literature indicates that N cycling processes such as decomposition, nitrification, and N mineralization are strongly influenced by temperature changes (Hart, 2006). Elevated temperatures exacerbate N loss through volatilization, reducing available N stocks and impacting soil fertility. This decline in soil N availability diminishes plant productivity, thereby reducing biomass production and the potential for C sequestration from plant residues incorporated or decomposed into SOM.
 
4.2. Phosphorus cycling in the changing climate

Phosphorus is essential for crop production, and climate change significantly impacts its cycling and turnover in agricultural systems. Flooding, a major consequence of climate change (Bermúdez et al., 2021), enhances particulate and dissolved P losses by increasing water runoff and altering soil phosphate mobility (Furtak & Wolińska, 2023; Lucas et al., 2023) (Fig. 2).  Maranguit et al. (2017) studied the effects of flooding on phosphate availability in highly weathered Acrisols in Sumatra, Indonesia.  The authors found that soil P availability was initially high during the first three weeks of flooding but declined in subsequent weeks with fields returning to their field capacity. Flooding also modifies soil pH, enabling soil microorganisms to convert Fe (III) oxides to soluble Fe (II) ions which increases the solubility of Fe phosphate making P readily available for plant uptake (Furtak & Wolińska, 2023). 

[bookmark: _Hlk211416196]Conversely, droughts, which are becoming more frequent due to climate change, inhibit P mineralization by suppressing the activity of phosphatase enzymes, critical for P cycling through reducing soluble substrate diffusion (Asensio et al., 2021; Nyamaizi et al., 2025). Furthermore, droughts limit the uptake of phosphate since plants absorb phosphate from the soil solution through diffusion. Phosphate diffusion is enhanced when the phosphate ions move from the soil matrix into the soil solution along a concentration gradient (Nyamaizi et al., 2024). However, this diffusion process is impaired under drought conditions. In drought events, plant roots instead focus more on water acquisition as an immediate need rather than producing enzymes that promote P cycling in the soil. 

Elevated atmospheric CO2 concentrations positively influence phosphatase activity and increase soil P demand and cycling. These high atmospheric CO2 levels enhance photosynthetic rates, promoting plant and root growth. This increases the uptake of phosphates, thereby reducing the amount of available P in the soil (Fig. 2). This consequently causes P limitation leading to the production and activity of phosphatase enzyme (Lucas et al., 2023; Margalef et al., 2021). Previous studies have reported that soil P greatly varies with the changing climate. In a simulated study in North-Western Saskatchewan, Canada, climate change reduced labile P by 12% in comparison with historical weather (Lychuk et al., 2021). Similarly, Hou et al. (2018) demonstrated that soil available P significantly decreases with increasing precipitation and temperature. These authors used meta-analysis of 802 soil samples from 98 studies that showed that the decline in soil available P is primarily attributed to reductions in organic P and primary mineral P, driven by elevated atmospheric temperatures and precipitation changes.
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Fig 2: Schematic diagram showing influence of climate change on soil phosphorus. PS: Photosynthesis

4.3. Potassium and the changing climate
	
Unlike N and P, there is limited research on how climate change affects potassium (K) stocks and availability, yet it is a major nutrient required for plant growth. This review however points out a few direct and indirect impacts of climate change on soil K. A rise in temperature directly influences the conversion of non-exchangeable K to soil exchangeable K that is utilized by plants. As temperatures rise during dry spells, microbial activity is enhanced, leading to greater K release through SOM decomposition and a rise in total soil K. The solubility of K remains low due to reduced soil moisture, as it is highly water-dependent (Li et al., 2021; Sardans & Peñuelas, 2015). On the other hand, a rise in precipitation levels adversely impacts the K cycle by increasing K limitation and reducing K availability to plants. These increased K losses occur through leaching and runoff (Li et al., 2021). There is also another phenomenon of wet atmospheric N deposition where atmospheric N is dissolved in rain. This leads to increased soil N that competes with K for plant uptake and absorption sites on soil particles subsequently causing soil K imbalances. In addition, increased wet N deposition causes changes in soil pH that lowers K solubility and availability to plants (Chen et al., 2024).
 
4.4. Micronutrients in the changing climate 
 
Micronutrients are essential for crop productivity as they play a critical role in biochemical processes such as respiration, photosynthesis, and enzymatic reactions. They also serve as indicators of soil health ( Zhou et al., 2025). However, their distribution can be significantly influenced by climatic conditions, making them vulnerable to climate change. Global climatic factors like warming, precipitation variations, and GHG emissions alter micronutrient concentrations in soils by affecting plant uptake, nutrient solubility, and microbial activity. 

Higher temperatures and elevated CO₂ levels reduce micronutrient availability due to increased weathering and organic matter decomposition (Tan et al., 2022). Intense precipitation also reduces  micronutrient availability by promoting nutrient leaching (Moreno‐Jiménez et al., 2023). Additionally, precipitation variation decreases soil Fe and zinc (Zn) levels by limiting their dissolution and release (Zhou et al., 2025). Studies reveal that warmer regions experience reduced concentrations of Fe, Manganese (Mn), and Zn. For instance, soil samples from over 1,300 locations globally showed a decline in these micronutrients in areas with temperatures exceeding 12–14°C (Moreno‐Jiménez et al., 2023). Research by Tan et al. (2022) further demonstrated that Mn and Zn concentrations were related to temperature changes in the soil showing decline in Mn and Zn concentrations with rising temperatures (Mn (R2 = 0.658, p < 0.001) and Zn (R2 = 0.327, p < 0.001)). 

4.5.  Soil pH changes in the changing climate

[bookmark: _Hlk210381663]The climatic gradients in temperature and moisture have a profound influence on soil pH. Intensified precipitation leads to increased soil acidification due to the leaching of basic cations, leaving behind hydrogen ions that significantly increase soil active acidity. Soil acidification influences mobility and toxicity of heavy metals such as Fe and Al while causing  deficiency of secondary essential elements such as Ca and Mg (Bibi & Rahman, 2023; Wang et al., 2021). Increased temperature and precipitation promote plant and root growth, enhancing the uptake of basic cations such as Ca and Mg. Upon crop harvest, these cations are removed from the soil, exacerbating soil acidification (Rengel, 2011). The formation of acidic rainwater accelerated by the emissions of acidic gases, such as SO2 and NO, from increased industrialization and agricultural mechanization increases soil acidity (Brunnée, 2023; Shi et al., 2021). Conversely, extended drought periods contribute to salinization, resulting in soil alkalinity that has a direct negative impact on crop physiology. The increased soil alkalinity is due to reduced leaching of salts and increased evaporation of water resulting into increased salt concentration mainly of carbonate and bicarbonate ions that raise soil pH above 8 (Rengasamy et al., 2022). These high soil pH affects crop growth by reducing the availability of essential plant nutrients, particularly micronutrients, which limit plant growth. The impact of the changing climate on soil pH has been documented by different studies. For instance, results by Sun et al., (2023) show that variations in annual temperature, precipitation and solar radiation increased soil alkalinization at soil depth 0–10 cm and soil acidification at 10–20 cm and 20–30 cm. This change in pH is explained by the different regulatory mechanisms such as the soil ammonium-nitrate balance and variation in the soil microbial community. Recent studies have reported inconsistent and contradictory responses in soil pH to climate change, with some studies criticizing the impact of climate change on soil pH and instead attributing these changes to anthropogenic activities and changes in vegetation (Sun et al., 2023; Zhang & Fu, 2021; Zhao et al., 2022). 

[bookmark: _Hlk197345966]4.6.  Soil organic matter formation and breakdown in the changing climate

[bookmark: _Hlk203305186]Soil organic matter in agroecosystem plays a crucial role in mitigating climate change by reducing global warming. The SOM stores more C thereby promoting C sequestration whilst reducing emission of CO2  (Richardson et al., 2019). Soil functions as a C sink and a C source, making them an essential component of the global  C cycle (Navarro-Pedreño et al., 2021). The global climate change factors of temperature and precipitation influence SOM through affecting its inputs and outputs. The increase in global temperatures exacerbates SOM decomposition and mineralization leading to a higher atmospheric C turnover. A study by Li et al. (2022) reported that when temperatures increased from 15°C to 25 °C, production of CO2  as a result of SOM mineralization also increased by 1.5 to 4.25-fold. This is due to high temperatures that disrupt the global C cycle by accelerating the positive feedback loop, where increased CO2 levels lead to higher atmospheric temperatures and exacerbate global warming. This activates biogeochemical processes such as respiration and decomposition that release more CO2 into the atmosphere and the cycle repeats itself  (Bibi & Rahman, 2023; Brevik, 2013) (Fig. 1). A significant increase in global atmospheric temperature raises soil temperatures which increase evaporation and reduce soil moisture, essential for the proper functioning of soil microorganisms involved in the C cycle. This disruption negatively impacts soil C cycling microorganisms, resulting in decreased microbial counts, diversity, and activity (Xu et al., 2023).

The variations in precipitation patterns affect soil C balance  which eventually alters soil C stocks and cycling (Jin et al., 2009; Ren et al., 2017). For instance, increased precipitation promotes organic matter accumulation and may also increase its leaching (Dalal et al., 2011; Tóth et al., 2007).  Extreme precipitation increases soil water content, leading to waterlogging and the creation of anaerobic conditions. These conditions reduce soil microbial activity, since most soil organisms involved in the C cycle are aerobic ( Chen et al., 2018; Wang et al., 2023).  The decline in microbial activity impairs the decomposition of SOM and slows nutrient cycling, resulting in decreased soil fertility (Wang et al., 2023). In this review, this degradation influenced by climate change is referred to as climate change-induced soil degradation. Additionally, anaerobic conditions can lead to the release of GHGs, such as CH4, exacerbating global warming (Fig. 1).

 Results from a study done in Southwestern China showed SOC reduced with increased rainfall frequency. The highest rainfall frequency had the lowest SOC concentration of 85.61 mg·hm−2 while the least rainfall frequency had the highest SOC concentration of 139.92 mg·hm−2. Intensified precipitation combined with conventional farming practices such as intensive tillage and tractor use, accelerates the loss of topsoil through water erosion. This  ultimately leads  to low SOC, plant nutrient losses, low soil productivity and reduction in soil health (Jin et al., 2009;  Ma et al., 2014). 

Another factor we review is the current global warming, which has led to an increase in wildfires. Wildfires destroy SOM by altering its stability and physicochemical characteristics, ultimately causing C loss through combustion (Pellegrini et al., 2022). These wildfires mobilize nutrients, cause volatilization of other nutrients such as N, P and K, alter the nutrient forms making the nutrients recalcitrant. The previous effects all reduce nutrient availability to soil microorganisms in turn reducing soil processes such as SOM mineralization. In the long term, this leads to reduced SOC and decreased C sequestration (Fig. 3). A recent study by Salgado et al., (2024) found that recurrent fires reduced cold-water extractable labile C concentrations by 36%, hot-water extractable labile C concentrations  by 5% and fulvic acid concentrations by 45% compared to the control. Another study carried out in Southern Amazonia also reported that annual and triennial burns from wild fires resulted into a decline in C stocks by 16% and 19% in comparison to the controls (Naval et al., 2025). The accumulation of atmospheric CO2 enhances microbial activity, leading to the decomposition of SOM and its subsequent reduction (Bibi & Rahman, 2023). This deters the soil’s water holding capacity, soil structure, plant nutrient and moisture availability and makes the soil prone to erosive forces  (Kumar et al., 2022).

[bookmark: _Hlk208762696][bookmark: _Hlk202197658]5. Soil organisms in the changing climate

Soil-dwelling organisms are categorized into primary producers, including algae and plants; macrofauna, such as termites and earthworms, recognized as soil engineers due to their role in soil structure formation and development; mesofauna, including mites; microfauna, such as protozoans and nematodes; and microflora, predominantly bacteria and fungi. These primary consumers in the soil food web contribute to the decomposition of plant material and nutrient mineralization, for example N-fixing microorganisms and P-solubilizing bacteria (Pritchard, 2011). These populations of soil-living organisms are influenced by various components of climate change both directly and indirectly.

Soil warming arising from increased atmospheric temperatures has a detrimental impact on soil organisms, reducing their performance and abundance. For instance, soil macroorganisms   function better at temperature ranges of 10oC-24oC (Onwuka, 2016). The survival of soil organisms is also driven by changes in the quantity and quality of SOM, which vary depending on the organisms' growth rates, physiological traits, and responses to temperature (Pritchard, 2011). Increased soil warming enhances soil microbial activity, accelerating the decomposition of SOM and raising soil respiration. This process releases more CO2 into the atmosphere, thereby contributing to global warming (Classen et al., 2015). 

[bookmark: _Hlk204338446]An increase in atmospheric temperature enhances soil water evaporation, reducing SWHC, which significantly impacts the relative abundance and diversity of soil microorganisms. For example, soil fungi are more sensitive to soil moisture variations compared to soil bacterial communities. With a small soil moisture decrease, the most dominant fungi group can be replaced by another lower-dominant group, unlike bacteria groups, which are not affected (Classen et al., 2015). These variations in soil moisture lower the biological activity since microorganisms require moisture to dissolve and transport nutrients and oxygen while maintaining their cell turgor pressure. This ultimately retards nutrient cycling eventually resulting in soil degradation. A study by Borowik & Wyszkowska (2016) in Poland reported temperature as a critical factor in the growth and development of soil microorganisms. The authors found that soil microorganisms reproduced rapidly in soils incubated at 15oC than soils incubated at 5oC and 25oC.  Their results identified the most favorable temperature for soil microorganisms as 15oC while the least favorable temperatures were 5oC and 25oC. Low temperatures of 5°C reduce microbial activity, leading to the accumulation of organic materials due to decreased mineralization and decomposition, which contributes to long-term declines in soil fertility and health (Wang et al., 2023). On the contrary, Onwuka, (2016) reported that soil organisms thrive best at temperatures of 21oC-38oC which facilitate diffusion and transport of soluble substrates within the soil.

Soil microorganisms directly govern the C  cycle fluxes by influencing the quality of litter formed, decomposition of organic matter and amount of C retained in the soil  (Classen et al., 2015). As temperatures rise, more C is released into the atmosphere due to increased SOC mineralization and decomposition, driven by increased microbial activity. This process enhances CO2 release through respiration, contributing to higher global temperatures (Onwuka, 2016). This decreases the soil pools of labile C which in turn reduces the soil microbial biomass (Daunoras et al., 2024; Jansson & Hofmockel, 2020). The high atmospheric CO2  increases photosynthesis increasing root biomass which modifies the soil rhizosphere and increase microbial activity (Lucas et al., 2023; Margalef et al., 2021). Elevated atmospheric CO2 levels increase C supply, enhancing photosynthesis and promoting lignin formation. This process reduces N content in plant tissues, leading to the formation of recalcitrant litter that is resistant to decomposition by soil organisms. This reduces both the nutrition and activity of soil organisms, leading to a decline in soil fertility through disruptions in nutrient cycling. Overall, the effects of elevated CO2 on nutrient cycling by soil microorganisms vary, with studies reporting an increase, decrease, or neutral impact on their ability to regulate soil nutrient cycles (Pugnaire et al., 2019; Van Groenigen et al., 2014; Xia et al., 2021).
Continuous droughts, coupled with wildfires, interfere with species succession for both plants and soil microorganisms. These fire instances are notably increasing, especially during the drier summer seasons in the temperate regions of the world. Severe wildfires can lead to partial sterilization of soils which adversely affect soil microbial counts and relative abundances to an extent that the recuperation of these communities could take couple of years (Barreiro et al., 2020).

Altered precipitation patterns and recurring droughts influence plant phenology and physiology, such as increased evapotranspiration and reduced biomass production. The increased evapotranspiration and reduced biomass production alter the rhizosphere environment by reducing nutrient quantity and solubility, which affects soil microbial community structure and activity, ultimately diminishing soil fertility (Pugnaire et al., 2019). 

Notably, the increased precipitation patterns coupled with atmospheric N deposition increases soil acidification that promotes ion toxicity such as increasing Al detrimental to soil living organisms. This  amplifies loss of soil biodiversity, increases attack of plants by pests and disease-causing organisms and alters soil-plant community interactions (Zhou et al., 2020).  Shao et al. (2018) found that increased atmospheric N deposition reduced soil bacterial communities and soil invertebrates. The authors attributed this decline to N deposition raising the bacterial stress index and altering food resources. 

6. Increasing fertilizer usage in the changing climate
 
[bookmark: _Hlk204325787]Due to altered precipitation patterns, elevated temperatures and recurring droughts, farmers apply more N- rich fertilizers and pesticides to increase crop yields. The application of N fertilizers accelerates nitrification and denitrification processes that significantly contribute to the production of N2O, a major GHG causing climate change (Ma et al., 2024) (Fig. 3).  The emission of N2O in agriculture systems cannot be underrated with 100 kg of chemical N fertilizers estimated to produce 1kg of N2O (Lal et al., 2021). 

Under high precipitation, soil erosion promotes nutrient loss and increases vertical water flow, enhancing nutrient leaching from the root zone, which decreases soil fertility and crop productivity  (Adiaha, 2019). This prompts farmers to apply more N fertilizers for compensation, which leads to an increased release of N2O to the atmosphere. For instance, in China, total fertilizer application rate of N, P, K has steadily risen since 1994, exceeding 225 kg per ha and reaching 363 kg per ha by 2014. By 2022, the rate was documented at 299 kg per ha. As fertilizer application increases to support crop growth, the release of GHG emissions increases contributing to global warming (Huang et al., 2024) (Fig. 3).

With changes in precipitation patterns leading to reduced rainfall, soils experience lower solubility of applied N fertilizers, which require adequate soil moisture to dissolve and facilitate movement through the soil to the plant roots (Gurmu, 2023). As a result, farmers may apply additional liquid N fertilizers to replace the undissolved fertilizer thereby increasing fertilizer application rates and creating inconsistences in timing of N application. This maximizes N loss pathways such as nitrate leaching, volatilization and denitrification increasing atmospheric N2O (Fig. 3).

[bookmark: _Hlk204341071]The other factor to consider in the current changing climate are the elevated soil temperatures which disrupt the functionality of soil organisms, including macro and microorganisms, with extreme temperature resulting in their death (Classen et al., 2015). This disruption impairs nutrient cycling, reduces the availability of nutrients for plant uptake (Onwuka, 2016) and increases the reliance on external inputs. Prolonged drought restricts nutrient availability for crop uptake by reducing soil moisture, which is essential for nutrient solubility and transport in soils. This leads to lower crop biomass production and reduced C sequestration into soils, limiting the formation of SOM that provides essential nutrients such as N, P, and sulfur (S) (Don et al., 2024) (Fig.3). 

Furthermore, the elevated atmospheric temperatures increase SOM mineralization, reducing nutrient availability and lowering crop growth. Extreme drought events due to the escalated atmospheric temperatures also lead to drier soil conditions that favor fertilizer volatilization, a major N loss pathway from the soil (Lü, 2023). As a result of all the above, farmers often compensate by applying more mineral N fertilizers increasing N2O emissions into the atmosphere and  CO2 emissions from fossil fuel-powered machinery used in fertilizer application (Celikkol Erbas & Guven Solakoglu, 2017). This excessive fertilizer application in turn increases soil respiration that increases CO2 concentration in the atmosphere (Carbonell-Silletta et al., 2022) (Fig. 3). 

Notably, high atmospheric temperatures trigger wildfires that cause combustion of C leading to C loss and reduction of SOM. Wildfires negatively impact soil microbial diversity and activity by directly causing the death of soil organisms and indirectly altering soil conditions, such as food availability, moisture, and pH, which are critical for microbial activity (Barreiro et al., 2020; de Miera et al., 2020). As a result, soil fertility declines, requiring increased additions of synthetic N fertilizers and manure which increase N2O and CH4 emissions respectively that contribute to global warming.  

The current escalating population pressure has intensified anthropogenic activities aimed at enhancing food production. This has led to excessive agrochemical fertilizer usage to meet global human food needs (Abuni et al., 2025). To meet this growing demand for fertilizers, fertilizer-making industries and on-farm agricultural mechanization have increased, contributing to increased atmospheric CO2 emissions. This is primarily due to the reliance on fossil fuels for energy during fertilizer production processes (Ma et al., 2024). 

The other controversial response of agricultural soils to increasing chemical fertilizer application is that it profoundly promotes the growth of plant matter, increasing C sequestration and C:N ratios of post-harvest residues recycled back to the crop fields. This accelerates the production of plant biomass which all maximize the amount of C stored in soils (Hijbeek et al., 2019). To achieve the beneficial effects of chemical fertilizers, the proper application of the 4R principles (right timing, rate, source, and placement) should be followed. This not only enhances the efficiency of chemical fertilizers but also minimizes GHG emissions. 
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Fig 3: Schematic diagram showing the interaction of fertilizer application, atmosphere and the soil in relation to climate change

7. Possible remediation strategies to climate change-induced soil degradation

The utilization and conservation of soils to mitigate GHGs emissions and address their impact on soil ecosystems require comprehensive mitigation and adaptation strategies. These strategies aim to develop resilient systems capable of enduring long-term environmental challenges. In the present study, adaptation involves adjusting to environmental changes caused by climate change, essential for managing existing climate variability. In contrast, mitigation practices focus on reducing human-induced activities that contribute to climate change, thereby minimizing its rate and extent (Anita et al., 2010). 

Conservation agriculture (CA), including reduced and no-tillage systems, plays a crucial role in sequestering C and combating rising atmospheric CO2 levels (Dalal et al., 2011). The CA approach offers several benefits in mitigating the impacts of climate change by reducing runoff from heavy rainfall and flooding which minimizes soil erosion. The CA also enhances the soil's water infiltration and retention capacities, which maximizes SWHC. These improvements contribute to better soil health, higher soil quality, and increased crop productivity (Abdallah et al., 2021). Soil tillage, although necessary in specific production systems like potato farming, disrupts the stability of SOM and soil structure. This disruption exposes soils to elevated temperatures, altering both macrobial and microbial activity and diversity described above (Medhi et al., 2021). Furthermore, the use of mechanized agricultural equipment, such as tractors, increases fossil fuel combustion, resulting in CO2 emissions, reduced C sequestration, and accelerated soil compaction. These processes collectively degrade soil quality by reducing bulk density and exacerbating overall soil degradation and can be minimized through practices of reduced tillage  (Brevik, 2013).

 Agricultural practices that promote C sequestration involve cover cropping and biochar application. This involves planting cover crops during periods when the main crop is not actively growing in annual cropping systems, as well as in the alleyways of perennial crops like blueberries, hazelnuts, and raspberries. This strategy minimizes bare soil exposure, reduces fallow periods, lowers tractor usage, and enhances biomass production and SOM accumulation in many cropping systems (Dissanayaka et al., 2022; Seitz et al., 2023). Biochar, an organic soil amendment mitigates GHG emissions by promoting C sequestration through the return of bio-wastes to the soil. Additionally, biochar improves soil properties such as porosity, SWHC, and cation exchange capacity, ultimately enhancing soil fertility (Kumar et al., 2022). Using biochar and gypsum can improve soil health on saline soils and mitigate climate change-induced soil degradation described above (Eswar et al., 2021). 

Farmers can embrace integrated soil fertility management (ISFM), a synergy that incorporates the utilization of both organic and inorganic fertilizers with an aim to increase nutrient use efficiency.  The ISFM technique ameliorates soil health through boosting soil properties such as soil structure, SWHC, soil porosity and increasing the soil nutrient capacity leading to increased crop yields.  The ISFM can significantly reduce the excessive chemical fertilizer application ultimately reducing on GHGs emissions (Yang et al., 2024). 

 Crop improvement, a technology that involves utilization of new crop varieties which are field resilient and can adapt to the harsh weather conditions such as drought, flooding while ensuring high crop productivity presents an opportunity to adapt to climate change (Sharma et al., 2021). Elevated temperature and altered precipitation patterns cause a decline in crop and biomass yield and this can be corrected by breeding programs introducing targeted traits that can withstand such climatic conditions. For instance, to counteract the impact of drought on crops, breeders could develop cultivars that have early maturing and flowering properties, longer roots and tubers to absorb water and nutrients from deeper soil layers in conditions of soil drought (Shahzad et al., 2021). Breeding for N use efficiency in cash crops is another essential practice that can minimize over-reliance on N fertilizers, thereby reducing emissions of N₂O and CO₂ into the atmosphere (Eckardt et al., 2023)

Soil and water conservation (SWC) measures such as mulching and afforestation are key in mitigating the effects of climate change on soil. These measures protect the soil from erosive forces of water and wind, enhance water infiltration and improve soil fertility (Shourie & Singh, 2021). High soil erosion resulting from increased precipitation and wind erosion in drier conditions can be controlled through implementing SWC technologies such as terracing, mulching, cover cropping, crop diversification, contour plowing, planting trees as windbreakers, and crop rotation (Balasubramanian, 2017). Mulching controls soil temperature thereby regulating SOM decomposition thus reducing CO2 emissions to the atmosphere. The SWC technologies such as water harvesting ensure continued farm production in periods of drought by providing irrigation water.

Biostimulants, including seaweed extracts, represent a sustainable approach to mitigating the impacts of climate change on soil degradation. The European Commission has set a goal to replace at least 30% of mineral fertilizers with biostimulants by 2050, aiming to reduce GHG emissions from chemical fertilizers. Biostimulants enhance crop resilience to environmental stresses, such as drought and salinity, without compromising productivity (Bibi & Rahman, 2023). Biofertilizers, as biological soil amendments, play a crucial role in improving plant nutrient availability in the soil, water retention, and soil structure. These environmentally-friendly alternatives are cost-effective and reduce the ecological footprint of chemical fertilizers (Al-Tawaha et al., 2021).

 Organic farming that promotes the use of alternative soil amendments instead of chemical fertilizers is a win-win solution to climate change mitigation. This is because the application of N mineral fertilizers amplifies the emission of N2O to the atmosphere, which has a warming potential approximately 310 times greater than CO2 (Aryal et al., 2022; Wang et al., 2023).  Organic soil amendments including vermicompost reduce on the emissions of GHGs to the atmosphere and promote SOC accumulation thereby enhancing soil C sequestration. Furthermore, compost and other types of manure which are organic soil amendments applied at target N and P for the plants are essential in enhancing soil structure, aggregation and aggregate stability, SOC storage that improves soil porosity, soil fertility and decreases soil bulk density thereby improving soil health (Shourie & Singh, 2021) 

Use of drainage techniques such as channels and ditches lowers flooding impact on agricultural soils by improving soil aeration and nutrient availability. Additionally, wetlands restoration is a conservation measure crucial for managing floods (Abuni et al., 2025; Atugonza et al., 2025). Agroforestry also serves as both a mitigation and adaptation strategy toward climate change by storing C, serving as flood control measure, and increasing crop productivity. Agroforestry restores soil fertility through increased SOM buildup, nutrient cycling, controlled soil erosion, and improved soil structure thereby reducing soil degradation (Mbow et al., 2014). 

Clean and renewable energy sources such as geothermal and solar energy lower the emission of GHGs than fossil fuels. Biogas production has proven to  reduce  CH4 emission by converting the GHG from animal manures into an energy source for agronomic and home consumption contributing to sustainable waste management (F. Wang et al., 2023). Restoration of degraded ecosystems, including abandoned farmland, enhances C sequestration, microbial diversity, and microbial activity. These processes improve soil properties, thereby increasing soil productivity. 

8. Climate change-induced soil degradation: challenges of enforcing mitigation and adaptation strategies
 
Soil degradation caused by climate change (climate change-induced soil degradation) enormously hinders food security. However, adaptation and mitigation measures aimed at adjusting to climate change effects and reducing GHGs emissions respectively face significant challenges that hinder the potential of current and future opportunities to address this global disaster. 

First, a holistic, multifunctional, interdisciplinary research approach is essential to tackle the existing interrelationships between soil degradation and climate change on a broader scale. It remains challenging to establish and manage research teams that include soil scientists, agronomists, hydrologists, and policymakers, to ensure comprehensive, evidence-based research and sustainable solutions. Secondly, the methodology for studying climate change and soil degradation is intricate, with some long-term experiments requiring a very long time (years) to develop accurate climate models and estimate soil degradation rates, such as soil loss, on a global scale. Thirdly, climate change and soil degradation are both spatial and temporal, which to some extent also makes the compilation of global climate and soil degradation data cumbersome. Moreover, calculations of some climate change and soil degradation global data are limited by models which rely on assumption and may provide overestimated or underestimated results. Lastly, there are variabilities in global research tools, with some tools not being evenly distributed across the globe, which also interferes with data compilation.  

9. Conclusion

Climate change presents a significant global challenge, particularly due to its adverse effects on food security. The primary drivers of climate change are GHGs such as CO2, CH4, and N2O, which are emitted into the atmosphere. This review has highlighted the complex interplay between climate change and soil degradation by describing how changing climatic conditions profoundly impact soil physical, chemical, and biological properties. Elevated atmospheric temperatures accelerate SOM decomposition, degrading soil structure by reducing aggregate size and stability. Intense and frequent precipitation events can cause soil particle detachment, movement, and deposition, altering soil texture. Additionally, increased precipitation promotes N leaching, while higher atmospheric temperatures enhance N volatilization. Prolonged droughts contribute to soil alkalinity due to salt accumulation, and wildfires reduce soil microorganism populations and activities, slowing nutrient cycling. The rising atmospheric temperatures, elevated CO2 levels, and shifts in precipitation patterns disrupt soil properties by influencing biogeochemical cycles, particularly those of C and N. These combined effects of climate change on soils can be termed climate-change-induced soil degradation. While soils contribute to climate change through GHG emissions, they also play a critical role in mitigation efforts, such as C sequestration, when managed effectively. These changes affect SOM dynamics, microbial activity, nutrient cycling, and ultimately the soil’s productivity. With persistent variability in climate conditions, soil degradation will be exacerbated, underscoring the urgent need for sustainable interventions. Practices such as integrated soil fertility management (ISFM), conservation agriculture (CA), and wetland restoration are vital for mitigating and adapting to climate change while reducing its effects on soils. However, research barriers, including limited interdisciplinary collaboration and inconsistent global research methodologies, hinder progress in addressing this critical challenge. Climate-change-induced soil degradation is a serious issue that requires a thorough understanding of how soil processes and properties evolve under varying climatic conditions and how these changes contribute to long-term degradation. Addressing this issue demands collective global scientific attention.
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