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Abstract
Climate change exerts profound and multifaceted impacts on the soil–plant–atmosphere continuum through rising temperatures, irregular rainfall patterns, elevated atmospheric CO₂ concentrations, and the increasing frequency of droughts and extreme weather events. These alterations accelerate soil degradation, erosion, nutrient imbalances, and salinity problems, thereby diminishing soil fertility and threatening long-term agricultural sustainability. Beyond soils, plant physiology is also adversely affected, with disturbances in photosynthesis, nutrient uptake, water relations, and overall growth, which consequently reduce crop productivity. Recent studies further highlight the sensitivity of staple crops such as wheat, maize, and rice to climate-induced stresses, while legumes and horticultural crops display varying levels of tolerance and vulnerability. Moreover, shifts in microbial communities under changing climatic conditions influence nutrient cycling and carbon fluxes, amplifying negative feedback loops within ecosystems. Soil salinity, in particular, emerges as a critical challenge, limiting root nutrient uptake and exacerbating land degradation in arid and semi-arid regions. Given the cascading effects of climate change on food systems and ecological balance, urgent actions are required, including the adoption of climate-smart agricultural practices, enhancement of soil resilience through biochar and organic amendments, and protection of natural carbon sinks. Strengthening adaptive strategies and policy frameworks will be essential for sustaining food security and environmental health in the face of ongoing global change.
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1. Introduction

Climate change drives long-term alterations in temperature, precipitation patterns, and atmospheric conditions, profoundly affecting the integrated processes known as the soil–plant–atmosphere interactions, which are essential for ecosystem functioning (Hassan et al., 2022; Kumar et al., 2024). This interconnected system underpins agricultural productivity, regulates climate, and maintains ecological balance. Therefore, disturbances in soil, plants, or the atmosphere pose significant risks to global ecosystem stability (Abbass et al., 2022). While soils provide vital ecosystem services, plants act as conduits linking soils and the atmosphere through processes such as photosynthesis, water cycling, and carbon flux (Silva & Lambers, 2020). In turn, atmospheric conditions govern the climatic factors that shape these critical processes.

Extreme climate events, including prolonged droughts and heatwaves, severely disrupt the soil–plant–atmosphere system. Extended periods of drought exacerbate soil water deficits, increase the risk of desertification, and limit root nutrient uptake (Zia et al., 2021; Kundu and Kumar, 2024). Such stress negatively impacts plant physiological processes, including photosynthesis, carbon assimilation, and ATP production (Muhammad et al., 2021). Additionally, elevated temperatures accelerate microbial activity in the rhizosphere, promoting the release of stored carbon into the atmosphere (Ferdush et al., 2023), which triggers feedback loops that intensify greenhouse gas effects.

In response, climate change mitigation strategies emphasizing resource-conserving technologies offer promising solutions. These approaches can enhance soil carbon sequestration, reduce greenhouse gas emissions, restore degraded environments, and support food security (Chatterjee et al., 2024). Nevertheless, the long-term effects of extreme weather events on soil structure, porosity, and microbial interactions across diverse soil types remain inadequately understood (Mondal, 2021). Similarly, the consequences of nutrient cycling disruptions, soil acidity and salinity on crop productivity, the resilience of soil biodiversity under stress, and its role in carbon storage require further investigation (Nazir et al., 2023). Moreover, knowledge gaps persist regarding plant–microbe interactions and plant responses in aquatic ecosystems (Anbleyth-Evans et al., 2024).

The major environmental components of climate change, including rising temperatures, irregular rainfall patterns, elevated atmospheric CO₂ levels, and drought, directly affect plant physiology and crop yield. High temperatures can reduce photosynthesis and increase respiration, limiting plant growth, while irregular precipitation restricts root water uptake and nutrient transport, causing water stress. Elevated CO₂ may enhance photosynthesis and carbon assimilation in some species, though effects vary among crops. Drought and extreme heat particularly reduce the yield of staple crops, while triggering adaptive mechanisms in more resilient species. The combined influence of these environmental factors is critical for agricultural productivity and food security.

This review aims to synthesize current knowledge on how rising temperatures, shifting rainfall regimes, and extreme weather events influence soil nutrient cycles, plant physiology, and atmospheric conditions. It also examines the reciprocal feedback mechanisms within the soil–plant–atmosphere system and their broader implications for agriculture and the economy. By focusing particularly on soil degradation and plant adaptation to atmospheric changes, the study provides recommendations for effective adaptation and mitigation strategies to address the challenges posed by climate change.
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Figure 1. Effect of climate change on soil salinity

Figure 1 illustrates the comprehensive mechanism through which climate change contributes to the intensification of soil salinity in agricultural ecosystems. Reduced precipitation decreases the natural leaching of soluble salts from the soil profile, while rising temperatures and higher rates of evapotranspiration further enhance the accumulation of salts in the upper soil layers. This process not only concentrates sodium, chloride, and other ions in the root zone but also leads to alterations in soil structure, reduced water infiltration, and impaired nutrient availability. Over time, these changes intensify the salinization of arable lands, adversely affecting crop growth, physiological processes, and overall agricultural productivity. The combined effects of altered rainfall patterns, elevated evaporation, and insufficient drainage illustrate how climate-induced stressors interact to exacerbate soil salinity, highlighting the critical need for adaptive management strategies to mitigate the adverse impacts on sustainable farming systems.
2. Climate Change and Soil Dynamics
2.1. Physical Health of Soil
Climate change significantly alters soil structure, moisture content, compaction, and erosion rates, ultimately reducing soil fertility. For instance, an 11-year warming experiment in China’s Henan region revealed a reduction in soil aggregate size, increased compaction, and a 10.6% decline in total soil organic carbon, which was linked to a 30% reduction in maize yield (Shah et al., 2017; Ma et al., 2024). Irregularities in soil moisture negatively affect microbial activities and nutrient cycling, thereby weakening soil functions (Furtak & Wolinska, 2023). Excessive rainfall and drainage problems cause oxygen deficiency, leading to increased emissions of greenhouse gases such as nitrous oxide (N2O), creating feedback loops that intensify climate change (Hui et al., 2024; Topali et al., 2024). Additionally, accelerated erosion results in the loss of topsoil, further reducing fertility (Kundzewicz et al., 2019).

2.2. Chemical Properties of Soil
Climate change exacerbates soil acidity and salinity issues, thereby undermining fertility. Rising temperatures and elevated CO2 concentrations stimulate organic acid production, reducing soil pH (Ferdush et al., 2023; Barros et al., 2021). Altered rainfall regimes cause leaching of essential cations (Ca2+, Mg2+), while increasing H+ and Al3+ concentrations, which intensifies acidity (Gelybo et al., 2018). During drought periods, salt accumulation increases, leading to salinity problems (Ishfaq et al., 2020). Acidic soils restrict the uptake of essential nutrients such as phosphorus and molybdenum, induce aluminum toxicity, and reduce crop yields (Rahman et al., 2023). Salinity, on the other hand, particularly in arid and semi-arid regions with poor irrigation practices, hampers water uptake by plants and limits growth (Shrivastava & Kumar, 2014; Miah et al., 2020). In coastal regions with seawater intrusion, the salinity problem becomes even more severe (Miah et al., 2020). Therefore, managing both acidity and salinity requires integrated and sustainable soil management strategies.

3. Impact of Climate Change on Soil Nutrient Cycling
The cycling of essential nutrients such as calcium, nitrogen, and phosphorus in soil is profoundly affected by climate change. Elevated atmospheric CO2 and nitrogen fertilization alter the distribution of mineral-associated organic carbon and particulate organic carbon fractions, which are the two main components of soil organic carbon. Variations in plant inputs and microbial activities lead to different responses of these fractions (Rocci et al., 2021; Yue et al., 2017).

Drought periods restrict the mobility of nutrients in soils, resulting in deficiencies of nitrogen, potassium, and other elements. Excessive rainfall, on the other hand, enhances leaching, particularly of calcium and magnesium (Mehra et al., 2018; Yao et al., 2021). Moreover, increased temperatures accelerate nitrification and denitrification processes, raising nitrous oxide emissions and intensifying soil acidification (Kumar et al., 2022; Hui et al., 2024). These nutrient imbalances negatively impact soil fertility and ecosystem health.

3.1. Impact of Climate Change on Soil Biodiversity
Soil microorganisms play a critical role in organic matter decomposition and nutrient cycling (Fu et al., 2023). Climate change, through variations in temperature and moisture, affects the structure and functionality of microbial communities. While moderate warming may stimulate microbial activity, excessive warming reduces ecosystem resilience (Liu et al., 2023).

Changes in rainfall and soil acidification alter the distribution of microbial species, leading to declines in acid-sensitive organisms (Jin et al., 2022). Extreme climate events also negatively affect soil fauna, reducing biodiversity (Barreto & Lindo, 2022). In forest ecosystems, fungal and bacterial communities may become disrupted, adversely affecting plant health (Sharmah & Jha, 2014).

Shifts in rainfall regimes trigger erosion and nutrient losses, decreasing soil fertility, while structural degradation enhances compaction, hindering root growth and the circulation of water and air. Altogether, these processes reduce soil health and fertility, threatening agricultural production and ecosystem services. In short, climate change directly and indirectly diminishes soil fertility through multiple mechanisms, placing increasing pressure on sustainable agriculture (Figure 2).
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Figüre 2. Climate Change Pathways Affecting Soil Health

4. Plant Responses to Climate Change
4.1. Impacts on Plants and Agriculture
Climate change affects plant physiology through rising temperatures, increasing CO₂ levels, altered precipitation patterns, and more frequent extreme weather events (Rocha et al., 2022). High temperatures negatively impact photosynthesis, thereby restricting plant growth (Muhammad et al., 2021). Moreover, elevated temperatures cause stomatal closure and increase respiration rates, reducing net carbon gain (Dusenge et al., 2018). Pests and diseases also become more widespread with rising temperatures (Skendzic et al., 2021).

Changes in precipitation affect water and nutrient uptake; drought reduces photosynthesis and crop yields, while excessive rainfall leads to flooding and soil erosion (Jackson et al., 2023). Rising CO₂ can enhance photosynthesis, but nutrient limitations constrain this effect (Van Der Kooi et al., 2016). Increasing pest pressure and extreme weather events further threaten agriculture (Farooq et al., 2022). With climate change driving higher temperatures and altered rainfall regimes, the role of irrigation methods in influencing pest population dynamics has become increasingly critical. In this context, Topal et al. (2024) noted that drip irrigation creates unfavorable conditions for pest populations by reducing surface and air humidity, whereas furrow irrigation increases pest densities due to higher humidity levels (Topal et al., 2024).

4.2. Aquatic Plants and Impacts on the Blue Economy
The Blue Economy refers to ocean-based economic activities and is highly sensitive to climate change. Sea level rise, ocean acidification, and increasing temperatures negatively impact fisheries and aquaculture (Nazarnia et al., 2020). Coastal infrastructure and communities face growing risks from flooding and erosion (Becker et al., 2018).

Ocean acidification threatens shell-forming organisms and disrupts food webs (Çelekli & Zariç, 2024). Marine heatwaves cause damage to ecosystems (Fuentes et al., 2023). More frequent cyclones and storms further endanger coastal economies and livelihoods (Tregarot et al., 2023). Mitigation of these impacts requires reducing greenhouse gas emissions and adopting sustainable marine resource management strategies (Hoque et al., 2019).

5. Soil–Plant–Atmosphere Interactions
5.1. Relationship Between Soil and Atmosphere
Soil and atmosphere are interconnected, and this linkage triggers climate change feedback loops (Huang et al., 2024). Global warming raises soil temperature, which enhances carbon release through heterotrophic respiration; this increases atmospheric CO2 and accelerates warming (Nissan et al., 2023). Permafrost thaw releases large amounts of carbon and metals, though the exact processes and impacts remain poorly understood (Schuur et al., 2022).

Excessive rainfall increases soil saturation and erosion, stimulating greenhouse gas emissions (Zeppetello et al., 2024). While higher CO₂ supports photosynthesis and plant growth, rising temperatures can reduce soil moisture (Mandal & Roy, 2024). Temperature shifts also affect the nitrogen cycle, raising N₂O emissions; however, methods such as biochar application may help mitigate these emissions (Hui et al., 2024).

Rising CO2 and heat stress disrupt soil–plant interactions, intensifying drought stress and influencing plant hormones and root development (Kirby & Hawk, 2023). Plant adaptation, in turn, alters carbon and nutrient cycling, completing the feedback loop and further intensifying climate change (Sardans & Penuelas, 2013).

Soil microorganisms, particularly mycorrhizal fungi, undergo changes in abundance and function under climate change (Hu et al., 2021). Heat stress and nutrient shifts affect their carbon storage capacity. Understanding these dynamics is critical for addressing climate change.
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Figure 3. Effects of climate change on soil and plants

6. Mitigation and Adaptation Methods
As the world stands on the brink of a climate crisis, shifting rainfall regimes are intensifying erosion and nutrient losses, thereby reducing soil fertility. Soil structure degradation increases compaction, negatively affecting root growth as well as water and air circulation, which in turn places pressure on agricultural production and ecosystem services. In short, climate change threatens soil health and productivity both directly and indirectly. To alleviate these problems and adapt to their impacts, we must change our daily habits. Food production accounts for a significant share of global greenhouse gas emissions, and even if fossil fuel use were eliminated, emissions from the food system would remain high throughout the next century. In this struggle, climate-friendly agricultural practices implemented by local communities play a vital role.

Moreover, the preservation of natural carbon sinks such as forests, wetlands, and oceans is critical for reducing atmospheric carbon. Reducing fossil fuel consumption and investing in renewable energy are also key to a sustainable future. Increasing green spaces in cities helps lower temperatures and enhances carbon sequestration. Finally, the ability of certain insects to digest plastics offers nature-based solutions against environmental pollution. To mitigate the impacts of climate change, swift and comprehensive action is essential.



7. Conclusions
Climate plays a crucial role in maintaining the balance among the atmosphere, soil, plants, and microorganisms. However, rising temperatures, altered precipitation patterns, and extreme weather events disrupt this balance, negatively affecting soil properties, the nitrogen cycle, salinity, and biodiversity. These changes threaten agricultural productivity and ecosystem health. Interactions among soil, plants, and the atmosphere create feedback loops that intensify the impacts of climate change. Current research often focuses on only one part of the system, whereas an integrated examination of all interactions is needed. In addition to soil organic carbon, the role of inorganic carbon in climate processes has not been sufficiently studied. Future research should focus on adaptation strategies such as regional impact assessments, resilient plant species, and sustainable water management. In this way, the effects of climate change on the soil–plant–atmosphere system can be better understood and mitigated.
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